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Abstract
Oxy-fuel combustion, particularly using an integrated oxygen ion transport mem-
brane (ITM), is a thermodynamically attractive concept that seeks to mitigate the
penalties associated with CO 2 capture from power plants. Oxygen separation in an
ITM system consists of many distinct physical processes, ranging from complex elec-
trochemical and thermochemical reactions to conventional heat and mass transfer.
The dependence of ITM performance on power cycle operating conditions and sys-
tem integration schemes must be captured in order to conduct meaningful process
flow and optimization analyses.
An axially spatially-distributed, quasi two-dimensional ITM model is developed
based on fundamental conservation equations, semi-empirical oxygen transport equa-
tions obtained from the literature, and simplified fuel oxidation kinetic mechanisms.
Aspects of reactor engineering such as geometric structure, flow configuration and
the relationship between oxygen transport, fuel conversion and pressure drop are ex-
plored. Emphasis is placed on model robustness, modularity, and low computational
expense. The model seeks to bridge the gap between detailed CFD studies and overly-
simplified black-box models and provides a tool for the analysis and design of ITM
systems.
The ITM model is used to explore the dependence of ITM performance on reac-
tor geometric structure, flow configuration, operating conditions, membrane material
properties, and uncertainty in key modeling assumptions. Many operational con-
straints are presented that are usually overlooked by black-box modeling strategies,
and the implications of these constraints are explored. Further, a comparison is made
between reactive and separation-only ITMs to assess the relative merits and disadvan-
tages of each. The results show that although a reactive ITM significantly improves
the partial pressure driving force, practical reactor engineering considerations indicate
that this concept is not superior to counter-current separation-only ITMs, mainly due
to stringent temperature limitations of the membrane material. A Second Law as-
sessment of certain ITM configurations is performed to evaluate the potential of ITM
technology to reduce the air separation penalty and to guide effective systems-level
integration.
Finally, simulations of various ITM-based zero-emissions power cycles using the
intermediate fidelity ITM model are performed. The first objective is to analyze
the prevalent ITM-based power cycle designs and develop novel design modifications.
The second objective is to investigate the effect of reactive ITM improvement design
strategies proposed herein, such as the multiple compartment reactive ITM (MCRI),
the low activation energy (LAE) materials reactive ITM, and hybrid reactive and
separation-only concepts. An assessment of the potential for these novel ITM designs
to reduce both the penalty and size associated with ITM air separation technology is
conducted.
The power cycle simulation and analysis clearly demonstrates the various chal-
lenges associated with implementing reactive ITMs. The hybrid cycle displays the
potential to reduce the size of the ITM compared to the best separation-only concept
while maintaining a comparable First Law efficiency. Additionally, the MCRI simu-
lation results indicate comparable ITM size and pressure drops to the best separation
only-concepts, greatly improving the attractiveness of reactive ITMs. Overall, the
work herein finally allows for detailed optimization analyses to determine the best
possible ITM oxy-combustion power cycles.
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Chapter 1
Overview of ITM Oxy-combustion
1.1 Motivation
Mankind has reached a critical point in the struggle for secure energy and a clean
environment. A plan must be established that will mitigate the harmful effects of
increased greenhouse gas emissions and define a framework for alternative forms of
power generation to flourish. Currently, thermo-chemical conversion of fossil fuels
provides 82% of the global electrical power (roughly 15 TW) and heating require-
ments [5]. Power generation in particular accounts for 65% of all anthropogenic CO 2
emissions (29 Gt CO 2 in 2007) [5].
Unfortunately, it is unlikely that zero-emissions renewable power generation tech-
nology will suffice as a near-term solution due to scaling, energy storage and economic
issues among others [63]. Other CO 2 emissions mitigation options include the devel-
opment of higher efficiency power generation cycles and equipment, the use of less
carbon-intensive fuels such as natural gas instead of coal, and carbon capture and
sequestration [55]. Anthropogenic greenhouse gas emissions were recently deemed
a "very likely" cause of global warming by a consensus of climatologists and scien-
tists [5], and a sense of urgency has led many to believe that a short term, step-wise
reduction in emissions is necessary [63].
This thesis explores many aspects related to ITM-based power cycles. In chapters
1-2, an overview of the underlying physical processes required to understand ITM-
based power cycles, as well as the complete set of model equations and assumptions
required to simulate an ITM air separation unit are provided. Chapter 3 includes case
studies that illustrate key performance characteristics, the importance of operational
constraints, and suggests design guidelines for the integration of an ITM air separation
unit with an oxy-combustion power cycle. Further, an important open question in
the literature regarding the relative merits of combining oxidation of a fuel with
air separation in a single ITM unit is addressed. Finally, Chapter 4 explores the
crucial interactions between ITM systems and corresponding oxy-combustion power
cycles. The work herein provides a better understanding of the underlying physics,
reveals opportunities to improve the overall ITM system performance, provides the
scientific community with a valuable modeling and simulation tool, and allows for
meaningful optimization and life cycle analyses to be conducted with greater accuracy
than previously available.
1.2 Conventional CCS
Carbon capture and sequestration (CCS) allows for the continued use of fossil fuels
without the associated CO 2 emissions and provides an opportunity for a transition to
renewable sources of energy. Broadly, CCS entails some sort of gas separation process
resulting in a high-purity CO 2 product stream compressed to high pressure, typically
to a supercritical state [55], for storage. There are many methods available to separate
C0 2, each with a different engineering approach, underlying physical processes, cost,
practicality and thermodynamic penalty [63]. Current First Law efficiencies for CCS
power cycles are typically on the order of 35% [63], where the penalty incurred is in
the range of 7 to 11 percentage points [52].
Post Combustion Capture is the most conventional method, and it uses chemical
absorption/desorption processes with amines to scrub CO 2 directly from the exhaust
[63]. Since post combustion capture units are installed as "add-on" units at the exit of
the flue gas stack, the upstream power plant does not require significant modification.
However, post combustion capture is energy-intensive and expensive due to the low
CO 2 concentration typical of hydrocarbon oxidation in air [55], the thermal energy
requirements for the chemical scrubbing processes [63], and other losses translating
to a loss of 9 percentage points in the thermal efficiency of a conventional combined
cycle [58]. Pre-combustion capture is an alternative CCS technology that essentially
removes the carbon from the fuel prior to combustion via chemical processes such
as steam reforming, partial oxidation, or auto-thermal reforming, and transfers part
of the chemical bond energy stored in the original hydrocarbon into pure hydrogen
[11]. This method requires complex process equipment and incurs exergetic losses for
each conversion into another chemical form, thus making it both economically and
thermodynamically expensive [63].
1.3 Oxy-combustion
Oxy-combustion is a promising CCS technology that has the potential to significantly
reduce the penalty associated with the carbon dioxide separation process. Recent
proposals claim first law efficiencies greater than 50% [13, 58, 35, 15, 9, 31], and
significant CCS cost reduction compared with post combustion capture [57]. In oxy-
combustion, a fuel is oxidized in a nearly nitrogen-free, diluted mixture such that the
products consist mainly of CO 2 and water vapor, enabling a relatively simple and
inexpensive condensation separation process [63]. However, oxy-combustion requires
the separation of oxygen from air, and therefore incurs a separation penalty upstream.
Currently, only cryogenic air separation processes can provide oxygen at the re-
quired purity and rate for large scale power generation [7]. Cryogenic air separation
systems use intricately designed multi-stage distillation processes at low temperature
and require a significant amount of electrical power, mainly for air compression [50].
Typical electrical power requirements range from 160 kWh [14], to 270 kWh per ton
of 02 [8] with a commonly cited approximate value of 200 kWh per ton, depending
on the desired purity. Despite their complexity, commercial cryogenic units achieve
low Second Law efficiencies in the range of 15 to 24% [52], resulting in a First Law
efficiency loss of up to 8.5% points compared to a typical NGCC without CCS [33].
Clearly, the thermodynamic and economic penalties incurred by the use of a cryo-
genic air separation process could easily offset any advantages gained by using Oxyfuel
CCS, prompting many researchers to investigate the use of alternative air separation
systems.
1.4 Ion Transport Membrane Technology
An alternative membrane-based approach to the costly cryogenic air separation units
required for conventional oxy-combustion applications has been proposed by many
researchers. This concept utilizes a high temperature mixed-conducting (ionic and
electronic) ceramic membrane to separate oxygen from air, and in some cases concur-
rently oxidize a fuel within the same unit. The underlying assumption that motivates
the use of Ion Transport Membrane (ITM) technology is that the penalty incurred,
i.e., the pressure drop through the unit, is relatively small compared with the work
requirements of cryogenic units. Additionally, many researchers have suggested that
a reactive sweep gas may further enhance the oxygen separation and thus reduce the
ITM size and penalty [15, 66, 68]. However, many implications and operational con-
straints imposed by using ITMs within a power cycle still need to be addressed, and
the thermodynamic penalty must be assessed thoroughly before the benefits of ITM
technology can be realized.
ITM systems operate at relatively high temperatures, e.g., above 1000 K [7], and
rely on a difference in 02 chemical potential to drive the separation process [24].
However, other key physical aspects such as ion surface exchange electrochemical
reactions, molecular diffusion through porous layers, and convective-diffusive mass
transfer must be considered [65]. A separation-only unit is shown in Figure 1-1,
where oxygen ions are transported from the high concentration of oxygen side, or
the "feed", to the low oxygen concentration side, or "permeate". Alternative names
are often used for ITMs, such as Mixed Conducing Membranes (MCM), and Oxygen
Transport Membranes (OTM) [53].
ITMs are composed of specific combinations of inorganic compounds with a par-
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Figure 1-1: Generic Ion Transport Membrane Air Separation Process
ticular crystal lattice structure such as the perovskite or fluorite configuration [56].
The use of membranes in gas separation processes has been predicted to increase by a
factor of five by 2020 [11], and many studies are currently being conducted to improve
the chemical stability and performance under more demanding operational conditions
[56]. Moreover, Air Products has fabricated modular small-scale (500kg 02 per day)
ITM units that cost 35% less and require up to 60% less energy per kg of 02 com-
pared to conventional large-scale cryogenic systems [11]. Many see ITM technology as
the most-promising alternative to conventional cryogenics for large-scale power gen-
eration applications [53], but many fundamental studies must be conducted before
widespread implementation in the commercial power generation sector.
1.4.1 ITM Composition and Material Structure
In order to understand the underlying physical processes behind oxygen separation
in an ITM reactor, it is helpful to first examine the composition and structure of
the ceramic membrane. The membrane structure consists of a thin dense layer that
blocks the passage of molecules and allows passage of only oxygen ions, thus in the
absence of cracks providing 100% oxygen selectivity [56]-a significant advantage over
cryogenic air separation. Thin membranes maximize oxygen flux, but are susceptible
to mechanical failure under unexpected transverse pressure gradients. Thus, many
researchers have manufactured asymmetric membranes that have additional porous
mixed-conducting material to provide mechanical strength without significantly de-
creasing the flux [62]. Common membrane materials include Lai-xSrCo-yFeyO 3-3
(LSCF) [56], and La 2 NiO4 +6 (LNO) [54], but new chemical concoctions are continu-
ally reported (e.g. BSCF [38], SCF1O [67] and LSGF-BSCF [22] as researchers develop
higher-performance membranes.
The relationship between membrane composition and overall performance is crit-
ical for the development of accurate and physically meaningful models. Simply put,
the input parameters of an oxygen flux sub-model depend on the particular membrane
being used, and knowledge of the specific type of membrane allows one to simplify
the oxygen separation model based on physical arguments. The relative values of the
electronic and oxygen ionic conductivity are often used to determine which physical
processes dominate the overall oxygen separation and which can be neglected [56].
For example, the electronic conductivity of LSCF is often two to three orders of
magnitude greater than the ionic conductivity which means that the overall oxygen
transport is essentially governed by the movement of oxygen vacancies through the
membrane [65]. Additionally, ionic conductivity is directly related to the crystal or
vacancy structure [56], and many researchers have experimentally observed dramatic
changes in the vacancy structure as the operating temperature reaches a particular
value [68], thus imposing a "minimum operating temperature" for any engineering
application of ITMs. Further, the lattice structure actually shrinks and expands de-
pending on the oxygen vacancy concentration [68], a phenomenon known as "chemical
expansion" [56], leading to mechanical stress within the membrane. In reactive ITM
applications, the catalytic behavior of the membrane can often be a function of both
the composition and local oxygen chemical potential [68], and the presence of a reac-
tion can alter the composition and structure of the membrane [60].
1.4.2 Semi-Detailed Oxygen Transport Mechanism
An ITM air separation unit model must include an expression relating the local
oxygen flux through the membrane to the local temperature, oxygen partial pressures
of each stream and membrane thickness for a given material. Oxygen separation
in an ITM reactor consists of many complex physical processes including bulk gas-
phase convective transport, ordinary and Knudsen molecular diffusion through porous
structures, heterogeneous molecule-lattice kinetic interactions, and bulk ion diffusion
through the crystal lattice [56, 65, 24, 62]. This section focuses on oxygen transport
across the membrane, while bulk transport to and from the surface in the transverse
direction are addressed later. Thus, in this section, oxygen partial pressures refer to
the local values directly adjacent to either side of the membrane surface in the gaseous
phase. Similarly, temperature refers to the local value at the membrane surface.
In order to diffuse through the membrane, oxygen must first be incorporated into
the crystal lattice structure of the material. There are many sub-steps involved,
namely physical adsorption to the surface, dissociation of molecular to ionic oxygen,
charge transfer, and diffusion along the surface of intermediate species-any of which
could be either the rate-limiting step, or at least contribute significantly to the kinetic
rate [24]. Since a reduction-oxidation reaction occurs at the membrane surfaces, elec-
trons move in the opposite direction of the oxygen ions in order to maintain charge
neutrality [56]. After an oxygen ion has been incorporated into the lattice, it moves
through the membrane occupying successive oxygen vacancies in the structure [22].
These oxygen ion vacancies also move through the lattice structure, characterized
by a "thermal hopping mechanism" that only occurs at relatively high temperatures,
e.g., greater than 1000 K [15]. Structural and electronic defects within the crystal lat-
tice play an important role for ion diffusion, as well as micro-structure aspects such
as grain boundary diffusion or localized order-disorder transition [56]. The physi-
cal complexity of the surface exchange reactions, bulk diffusion, and relationship to
composition, structure and operating conditions must be succinctly captured without
over-complicated, or computationally expensive oxygen transport models.
Perovskite type ceramic materials are the most commonly used type in ITM reac-
tors, thus an oxygen transport mechanism is implemented herein using the analyses
of [65] and [56]. For a membrane material such as LSCF, BSCF or LNO, the oxy-
gen transport is limited by the oxygen vacancy diffusion through the membrane [56].
Since the electronic conductivity is much higher than the ionic conductivity, the con-
centration of electron holes is essentially constant throughout, and so no electric field
is present [65]. Consequently, the flux of oxygen vacancies (Jv) can be expressed in
terms of the idealized oxygen vacancy chemical potential, which is then rewritten in
the form of Fick's law, where oy is the oxygen ion conductivity, F is the Faraday
number, Vpv is the gradient in the oxygen vacancy chemical potential, Dv is the
oxygen vacancy diffusion coefficient, Cv is the oxygen vacancy concentration [65],
and y is the coordinate axis normal to the membrane surface.
- -D dCv
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Next, Dv is assumed to be a function of temperature only, Jv is related to Jo 2 (they
move in opposite directions), and the previous equation is integrated to obtain the
local oxygen flux in terms of the local vacancy concentrations, where C' denotes the
feed side and C denotes the permeate side [65].
Jo2, (C/I - C'v
The final step is to relate the vacancy concentrations on each surface to the local gas
phase partial pressures of oxygen. This is done by writing the flux at each surface
based on an assumed global reaction. The complex surface exchange reactions can
be represented for perovskite membranes by the following global reaction [65]:
1V*O + -02 T Ox + 2h*2
The global reaction shows molecular oxygen interacting with an oxygen vacancy (VO*)
to form two electron holes (2h*) and lattice oxygen (O) on the feed side, while the
reverse reaction occurs on the permeate side [65]. The surface exchange reaction is
used to eliminate the surface oxygen vacancy concentrations on each side by assuming
that the forward direction is zero order on the feed side, while the reverse is zero order
on the permeate side, as done in [651. Thus, a simplified model for oxygen transport
in terms of the temperature, adjacent gas phase oxygen partial pressures on each side,
experimentally-determined oxygen ion diffusion coefficient, and surface exchange rate
constants can be obtained by solving the following set of equations:
Jo2 = kf(T)(P'/2 1 2 C'y - kr (T)
Jo2 = kr(T) - kf(T)(P/2)1/2C'y
Dvkr [(P'02 )1/ 2  ( 21/2]
J02 = 2tkf (P' 2 P2'0)1/2 + Dv [(P'02)1/ 2 + (Po2)1/ 2]
Other mechanisms have been proposed based on empirical power-law relations that
share a form similar to the expressions above. These mechanisms usually display
slightly different dependence on the gas phase oxygen partial pressure, indicating
some deviation from the global mechanism used in [65]. That is, the proposed global
mechanism attempts to incorporate a variety of complex kinetic interactions that are
generally not well-understood [56], so experimental deviation should be expected. The
alternative mechanisms typically have an Arrhenius term to incorporate the effect of
surface exchange reactions, an assumed partial pressure dependence exponent, and
sometimes an additional geometric factor. However, they are essentially a curve-fit for
a specific membrane material with a fixed thickness, and are valid only in the mixed-
control regime. The following mechanisms, are presented in [24] and [38] respectively
for perovskite membranes:
B [ (P' 2 )n - 0P~ )n]1JJ2 = -[(P 2 ) - (" 2) n
J2=Ak (T) [P2)n - (P/2)"] n < 1
Finally, an additional important aspect of membrane performance characterization
is the relative impact of diffusion versus surface exchange kinetics with implications
for both modeling and design. In general, ion diffusive transport is dominant for
thick membranes operating at high temperatures under low partial pressure gradi-
ents, while surface exchange kinetics are necessary to model oxygen transport for thin
membranes in the low temperature regime [56]. The "critical thickness," or "char-
acteristic length," Lc is used to estimate the relative importance of each transport
process [24]. The characteristic length is generally the ratio of the tracer oxygen
ion diffusivity D* to the tracer oxygen surface exchange coefficient k* [24]. If the
membrane thickness is much larger than Lc, then ion diffusion dominates and surface
exchange is relatively unimportant, while the opposite is true for thicknesses much
smaller than Lc [56]. When the membrane thickness is on the order of Lc, then a
detailed oxygen transport mechanism must be used in the ITM model that accounts
for both diffusion and surface exchange.
The characteristic length is not a fixed property of the membrane, but is highly
dependent on the local partial pressures and temperature, and can vary from microns
to centimeters for a given membrane [24]. The usefulness of Lc is that it can help de-
termine which oxygen transport mechanism is necessary in the modeling process, and
also can be used to guide membrane fabrication as a function of expected operating
conditions. That is, decreasing the thickness significantly below Lc does not increase
the flux substantially, but may compromise mechanism strength [36]. However, if the
thickness is on the order of or larger than Lc, there may be an opportunity to increase
the performance of the membrane.
1.4.3 Membrane Performance and Operating Characteristics
Typical ITM operating conditions consist of a membrane surface temperature between
1000 and 1270 K, with an oxygen partial pressure difference across the membrane
ranging from 0.2 to a few bar. There is a multitude of experimental results available in
the literature, but only a few researchers provide detailed mechanisms or correlations
valid under a wide range of operating conditions expected for larger scale power
generation applications. Oxygen flux is generally obtained by imposing a difference
in oxygen partial pressure across a well-sealed membrane and measuring the change in
oxygen concentration for each stream [24], typically in a stagnation flow arrangement.
Most of the oxygen flux data are obtained under mixed-control of surface exchange
kinetics and ion diffusion. BSCF, a relatively newer membrane material, appears
to have the highest performance for separation-only applications [36], while LSGF-
BSGF has been cited as one of the more promising for reactive applications due to
its excellent stability under reducing conditions [22].
Table B.1 provides representative ceramic membrane oxygen flux and operating
conditions available in the literature. The reader is referred to more comprehensive
literature reviews by [56, 22, 26] for further information. The key results of this con-
cise overview of common membrane materials are the operating temperature, partial
pressure range, and the maximum oxygen flux. These are important because they help
assess potential oxygen flux curve-fitted data, and ensure that unrealistic operating
conditions are not chosen for the model simulation.
Table 1.1: Sample Membrane Experimental Oxygen Flux Data
Membrane Reactive Temperature Feed P0 2  Permeate P 0 2  02 Flux Ref.
Type (OC) (Bar) (Bar) (mol/m 2 /s)
LSCF No 700 - 1000 0.21 - 1 1.4x10- 2 - 2.5x10- 4  1x10-3- 1x10- 2  [561
LSCF No 600- 1000 0.21 Not Reported 8x10- 3 - 1.8x10- 2  [22]
BSCF No 600- 1000 0.21 Not Reported 4x10~ 3 - 1.3x10- 2  [22]
BSCF Yes 600- 1000 0.21 Not Reported 8x10- 2 - 1.4x10-1 [22]
LSGF-BSGF Yes 700 - 1000 0.21 Not Reported 1x10 - 6x10- 3  [22]
LSCF No 700 - 1000 1 Not Reported 1.1x10-2 - 6x10- 2  [15]
BSCF No 700- 1000 1 Not Reported 4.5x10- 2 - 1.1x10- 1  [15]
LNO No 850- 1000 0.21 - 2.1 8x10- 4  1x10-4 - 1x10- 3  [54]
SCF10 No 900 0.63 Not Reported 4.5x10- 3  [67]
LSCF Yes 800 - 920 0.21 Not Reported 1x10- 3 - 1x10-2 [28]
BSCF No 700-950 0.21 Not Reported 1.1x10- 2 - 3.8 x 10-2 [38]
LSCF No 750 - 960 0.21 - 1 4.6x10- 4 - 2.3x10- 2  3.5x 10-4 - 3x10- 3  [65]
LSCF No 750-950 0.21 -1 6x10- 3 - 2.4x 10-2 4x 10~ 4 - 1.8x10- 3  [68]
LSCF Yes 750 - 950 0.21 -1 Not Reported 1.6x10-3 - 3x10- 3  [68]
There are many potential problems regarding how the oxygen flux data was ob-
tained, and many implications for how the data is used the ITM model herein. First,
many researchers point out the discrepancy in measured oxygen flux for supposedly
identical membrane compositions under similar operating conditions [16, 68, 65, 56].
Interestingly, there are many explanations given, each with different implications for
systems-level modeling.
The most common explanation is based on the long time period required for a
membrane to reach steady-state conditions when either the temperature or partial
pressure difference is changed. For example, results presented in [68] and [65] report
relatively large fluxes for short total elapsed experiment time, but then a decrease
by orders of magnitude to their steady-state values after time periods ranging from
five [68] to twenty hours [65]. This behavior is attributed to a change in oxygen
"non-stoichiometry" [56], or more simply, a release in stored lattice oxygen as the
membrane transitions between one equilibrium state to another [68].
The oxygen stored and consequently released in the lattice structure was observed
to be up to 0.56% of the disk's weight in one experiment [68], implying that some
of the relatively higher oxygen flux measurements given by other researchers could
be invalid, and also that a dynamic model of an ITM in a power cycle must account
for these transients. However, this consideration is irrelevant for the work herein
which focuses on steady-state operation. Another explanation given in [16] is that
although the composition of two membranes may be the same, the micro-structure
(e.g., grain boundary size or distribution) could be different, significantly impacting
the ion diffusion process.
Many of the studies given in Table B.1 point out that the flux is more sensitive
to the permeate oxygen partial pressure. This parameter is difficult to control and
measure directly [22]. This observation suggests that the rate-limiting step occurs
on the permeate side of the membrane, substantiating the need for surface area en-
hancing techniques, or "fins". Permeate local oxygen partial pressures are usually not
specified, and this could easily explain many of the discrepancies, especially in the
high temperature regime [65]. Finally, the impact of bulk convective oxygen transport
from the free stream to the surface of the membrane is overlooked or dismissed in all
experimental studies, and only [62] has explored this aspect for ITM modeling. Thus,
it is possible that the local membrane surface oxygen concentration is different than
the bulk concentration measured, and so variability in the flux would follow.
1.4.4 Reactor Engineering Aspects
There are many important aspects related to how the ceramic material is combined
into a large-scale reactor. Engineering considerations such as reactor packaging or
structure, membrane chemical stability in harsh conditions, and mechanical durability
can be used to create operational constraints with the ITM model, provided that it
has the state variables that describe the corresponding phenomena. ITM materials
must withstand potentially large pressure gradients across thin, brittle layers at high
temperature and so the effective integration of a porous support is necessary [56].
Thus, optimization studies could also be used to determine the best use of ceramic
material (i.e., packaging, connectivity and operating conditions) within a particular
power cycle application.
The ITM geometric structure has a direct impact on the surface area per volume
or ceramic material required, heat and mass transfer inside the reactor, the pressure
drop or primary penalty incurred, and the ease of manufacturing large-scale systems.
ITM reactors have been built or proposed for many configurations, such as the mono-
lith square channel [58], multi-layer planar stack [56], tubular [15], and hollow-fiber
[61]. Medium-scale commercial examples include Praxair's shell and tube OTM, and
Air Products' planar membrane wafer stack [7]. Each geometric structure has dis-
tinct advantages or disadvantages for aspects related to interconnectivity, modularity,
sealing (especially at high temperatures), and mechanical strength [56].
Proponents of the extruded, chessboard monolith design, shown in Figure 1-2, cite
high surface area to volume ratios in excess of 500 m2/m 3 , good mechanical strength,
compact design, and ease of manufacturing [58]. This concept requires a complex
manifold design to distribute the feed and permeate streams to alternating ports on
the inlet/outlet of the reactor, often incurring relatively large pressure drops [58].
Further, sealing issues have been reported [15], as well as the disadvantage of needing
relatively thick walls, i.e., large porous asymmetric membrane layers, for sufficient
mechanical strength [56]. Tubular membranes are less problematic to seal, and can
be extruded directly from a porous perovskite support [15]. However, their small
surface area to volume ratio, lack of compactness, and relatively thick walls could
be problematic for large scale ITM applications [56]. Hollow-fiber membranes offer
extremely high surface area to volume ratios up 5000 m2/m 3 [36], and compact design
[56, 61]. However, they are fragile, difficult to seal [15], and likely incur large pressure
drops because of the narrow flow paths between adjacent fibers.
(a) ITM Monolith Element (b) ITM Monolith System
Figure 1-2: Monolith ITM System Packaging
Many of the high performance perovskite materials presented thus far are quite
prone to degradation and chemical instability under operating conditions expected
when integrated into a power cycle. A reduced order ITM model must be sensitive to
these problems so that proper operational constraints can be imposed. A particularly
unfortunate tendency of perovskite materials, especially those containing cobalt, is to
react with common species found in the combustion products of fossil fuels such as
C0 2, H2 0, SO2 [56]. In general, there is a trade-off between high oxygen permeation
rates and stability under reducing conditions, especially for reactive ITM materials
[17]. The tendency of the oxides in the membrane material to react with CO or
CO2 and form carbonates greatly reduces the oxygen flux, sometimes up to 30%, by
altering the perovskite structure [56]:
2AB03-, + 2CO 2  2AC0 3 + B20 3 + 022
Stability diagrams can be used to create accurate operational constraints for a
particular membrane under a specified range of operating conditions [58], but would
have to be created based on experimental runs on a case by case basis. Researchers
are investigating methods to alter the composition of the membrane, trading a slight
decrease in oxygen flux for large gains in chemical stability [56]. For example, one
study found that SCF-based materials could be doped with Ti ions in order to dra-
matically improve their resistance to carbonate formation [67]. Another potential
problem is the phenomenon of kinetic decomposition, where the perovskite structure
can be damaged by large oxygen chemical potential gradients over prolonged exposure
[58].
Materials such as LSCF and BSCF are known to be vulnerable to this degradation
behavior, and thus the chemical potential gradient should be kept within operational
limits determined by experiment [15]. Chemical stability under the harsh reducing
conditions imposed by a reactive sweep gas is particularly challenging, and many
studies are being conducted to assess the impact and long term effects [56]. Overall,
knowledge of how the oxides within the material react with the sweep gas, i.e., chem-
ical stability diagrams can be used to specify valid sweep gas compositions, and thus
provide more meaningful ITM process flow designs.
Mechanical strength and durability of the ITM reactor is crucial for leak-free,
reliable operation. The oxygen non-stoichiometry or chemical expansion mentioned
previously can lead to cracks on the membrane surface under large vacancy chemical
potential gradients [18]. This is due to the structural deformation as the lattice
accommodates oxygen, and so if the oxygen concentrations differ too much across the
membrane, mechanical stress could lead to cracks [17]. Thermal stress also could lead
to membrane cracks due to the multi-layered nature of the fabrication process [56],
or non-uniform temperature fields inside an ITM reactor [17]. The porous layer of
asymmetric membranes provides resistance to total pressure gradients, and if made
from the same material as the dense layer, can absorb some of the stress induced by
the mechanisms just mentioned [62]. Even the maximal velocity inside the reactor
must be monitored to avoid acoustic instability or pressure waves that could damage
the walls [15]. An ITM model with spatial resolution could be used to estimate
temperature gradients within the reactor, and also monitor key state variables such
as the local chemical potential gradient, or the local velocity or pressure.
Although there are relatively little data available for experimental reactors (in
contrast to small-scale single membrane flux measurements), preliminary performance
specifications can be used to guide scale-up reactor design. Air Products' planar-
wafer concept operates between 1073-1173 K using air as the feed between 6.9 and
69 bar with a permeate pressure between 0.13 to 6.9 bar [7]. Further, their design
specifications recommend a pressure ratio (feed to permeate) of seven, with an oxygen
recovery ratio ranging from 50-85% of the maximum possible [7]. Another reactor
test rig presented in [58] operates at 1123 K at a total pressure of 20 bar for each
side with a target overall recovery ratio of 40-50%. Finally, a recent test rig using
hollow fibers operated in excess of 1350 K with a one bar feed pressure of air against
a vacuum on the permeate side, but 1233 K was given as a long-term stable operating
condition [61]. Thus, a model based on detailed oxygen transport mechanisms, reactor
engineering considerations, and rough operational guidelines from both medium-scale
and test rigs can be created in order to answer some of the fundamental unknowns
of ITM process integration into a power cycle on a large scale.
1.5 ITM Models in Literature
Many power cycle concepts and modeling analyses have been presented in literature,
but few have incorporated an ITM model that captures the key physical processes with
sufficient accuracy. In particular, the common practice of assuming a particular design
specification and separation penalty independently of operating conditions or reactor
geometric structure, leads to significant inconsistencies and unrealistic simulation
results. Each ITM model in the literature has a particular intended application,
physical accuracy, set of assumptions and overall modeling strategy tailored to address
specific questions rather than an overall analysis. Model complexity ranges from
simple black-box models where outlet conditions are roughly estimated [35], to 1-D
CFD models valid only for a particular transverse cross-section along an ITM system
[62] without axial reactor resolution. An analysis is conducted herein to determine
what these various models deemed necessary, what they neglected, and the impact
for any conclusions drawn based on their proposed model.
1.5.1 Assessment of ITM Models
Table 1.2 presents a summary of ITM models in the literature, highlighting the most
relevant aspects to a systems-level analysis. First, the membrane type is a critical
piece of information required to model the oxygen flux and additional performance
parameters. Materials-science based models generally provide detailed information
about the composition, experimental operating conditions and relationship between
geometric structure and performance. Interestingly, systems-level analyses rarely re-
port the type of membrane material modeled-indicative of over-simplified black box
models where the relationship between oxygen separation and all other state vari-
ables is neglected. Spatial resolution is another aspect that characterizes how state
variables such as flux, temperature and pressure are handled within the model. For
example, a 1-D axially-distributed model can be used to determine key performance
data such as the overall or average oxygen flux, as well as other important local state
variables.
The modeling strategy implemented to capture the oxygen separation dependence
on operating conditions is critical for meaningful results. Materials science models
generally utilize oxygen transport mechanisms that allow for mixed-control, where
thicknesses much less than Lc are handled correctly, as well as semi-empirical mecha-
nisms, where the thickness is fixed. Systems-level analyses typically assume an overall
oxygen separation ratio and a pressure drop to address the requirements of a power
cycle model.
For reactive ITM models, most assume complete combustion, i.e., 100% CO 2
selectivity, thus neglecting important kinetics and thermodynamic equilibrium issues.
This assumption must be verified, and in some instances could have a significant
impact on the ITM performance. Reactor geometric structure determines the oxygen
separated and pressure drop as a function of operating conditions. In general, material
science models implement a generic geometric dependence into the model, whereas
Table 1.2: Key ITM Models in the Literature
Ref. Membrane Spatial 02 Fuel Geometric Flow Pressure Heat, Mass
Type Resolution Separation Conversion Structure Configuration Drop Transport
Materials
Tan (2002) [59] LSCF 1-D ax. Mix. Ctrl. N/A Hol. Fiber Counter/Co Assum. Simpl.
Smith (2005) [54] LNO Local Diff. Dom. N/A Disk Stagn. N/A N/A
Xu (1999) [65] LSCF Local Mix. Ctrl. N/A Disk Stagn. N/A N/A
VanHassel (2004) [62] Generic 1-D tr. Mix. Ctrl. N/A Local Local Flow N/A Detail.
Tan (2007) [60] LSCF 1-D ax. Mix. Ctrl. Compl. Hol. Fiber Co Calc. Simp.
Systems
Colombo (2009) [13] LNO 1-D ax. Diff. Dom. N/A Monolith Counter Calc. Simp.
Kvamsdal (2007) [35] Generic None Assum. Compl. Black-Box Co Assum. Assum.
Sundkvist (2007) [58] Generic 1-D Diff. Dom. N/A Monolith Counter Calc. Simpl.
Foy (2007)[21] Generic None Assum. Compl. Black-Box Co Assum. Assum.
Anantharaman [9] Generic None Assum. N/A Black-Box Counter Assum. Assum.
Yantovski (2004)[66] Generic None Assum. N/A Black-Box Co Assum. Assum.
Fiaschi (2005)[20] Generic 1-D ax. Mix. Ctrl. Equil. Black-Box Counter Calc. Detail.
Pfaff (2009) [50] Generic None Assum. N/A Black-Box Counter Assum. Assum.
systems-level analyses assume that geometric structure is not important for the main
power cycle conclusions. The flow configuration varies, with the materials science
models more concerned with local flow conditions. Systems-level analyses were either
co or counter-current, but the effect of flow configuration can only be captured if
the ITM models have axial spatial resolution. The pressure drop incurred within
the reactor is an important design consideration since it can significantly impact the
performance of a power cycle. Most materials-science analyses do not focus on this
aspect, while systems-level models generally assume a fixed percentage of the inlet
value, independent of operating conditions. Finally, the importance of detailed heat
and mass transfer considerations is generally overlooked.
1.5.2 The Need for Reduced-Order Models in Power Cycle
Analyses
The previous sections have demonstrated the diverse, complex, and physically-coupled
nature of ITM modeling. ITM technology requires a thermodynamically well-founded
integration scheme within a power cycle in order to be competitive with existing
cryogenic technologies. A reduced-order model must reasonably capture important
physical relationships between state variables without an extreme computational time
requirement. Further, it is ideal for exhaustive process flow analyses where thousands
of distinct simulations are performed in order to find the optimum integration scheme
or operating conditions. That is, one can optimize a power cycle and obtain signifi-
cant improvements only if the model is physically accurate and responsive to crucial
operational degrees of freedom.
Reactor design is intimately and inextricably tied to how the ITM will be operated
within a power cycle, and so a systematic methodology is required to analyze both
design and operation simultaneously. Consider the various possibilities that could
arise, i.e., geometric structure, flow configuration, membrane material type, networks
of ITMs integrated within power cycles with different thermodynamic design, i.e,
two-phase versus gas turbine cycles. Detailed CFD studies require far too much
computational time and are not needed in order to do parametric analyses. On the
other hand, simplified black-box models cannot provide high-fidelity results, and do
not capture the interactions between different combinations of ITM operational and
design parameters.
Table 1.3: Key ITM Design Aspects Incorporated into Intermediate-Fidelity Model
Design Aspect Requirements of Model Engineering Relevance
Operational Constraints
Maximum Local Temperature Distributed T and Qo,, Material Failure
Maximum Local Carbonate Formation Distributed T, P and Xi Performance Loss
Maximum Chemical Potential Gradient Distributed P0 2 ,feed,perm Material Failure
Maximum Total AP Across Membrane Distributed Ptot,feed,perm Material Failure
Maximum Total AP Along Reactor Distributed Ptot,feed,perm Poor Reactor Design
Sufficient Preheating Distributed J 0 2 (T, P) and AP Insufficient Flux
Operational Performance
Relation between JO2 ,avg and JO2,ma Distributed J0 2 (T, P) Scaling Estimates
Thermodynamic Penalty Distributed J0 2 (T, P) and AP Process Flow Design
Impact of Flow Configuration Distributed Model Process Flow Design
Impact of Reactive Sweep Gas Distributed J0 2 (T, P), Fuel Kinetics Process Flow Design
Optimal Recovery Ratio Distributed J0 2 (T, P) and AP Process Flow Design
Optimal Inlet Conditions Distributed J0 2 (T, P) and AP Process Flow Design
Optimal Porous Layer Thickness Local APAcross and J0 2 (th) Reactor Design
Optimal Sweep Gas Flowrate Distributed J0 2 (T, P) and AP Process Flow Design
Optimal Use of ITM Material Network of Reduced Order Models Process Flow Design
Table 1.3 lists items that should be tracked or provided by an TM model as
a function of operating conditions and reactor design. The models available in the
literature contain some of these aspects implicitly, but no single model has all of
them, and is flexible enough to be altered quickly and effectively for use in parametric
optimization studies. A generalized aTM model is thus developed herein as a tool for
effective integration of ITM technology for a variety of power generation or oxygen
production applications. Furthermore, whenever possible, computational expense is
minimized by using the simplest possible representation of physical process, while still
delivering sufficient fidelity results and compatibility with optimization algorithms.
1.6 Oxy-combustion Power Cycles
Oxyfuel combustion of fossil fuels for carbon capture and sequestration (CCS) has
been developed with a multitude of potenitial power cycle concepts, each having dis-
tinct operating conditions, components and thermodynamic design philosophy. The
motivation for using oxyfuel instead of conventional combustion for CCS is the rela-
tive ease of separation of the CO 2 from the flue gases via simple water condensation,
as the exhaust products consist mainly of water and CO 2. Additionally, the method
used to obtain the required pure oxygen varies depending on the cycle as some con-
cepts use a more conventional cryogenic air separation unit; whereas others use new
separation technology such as the ion transport membrane reactor that combines
separation and combustion.
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Figure 1-3: General ITM-Power Cycle Integration Concepts
Each of the concepts presented has unique ways of manipulating the exergy flows
within the system under a variety of operating conditions resulting in a wide spec-
trum of reported thermal efficiencies. A review of key oxyfuel power cycles operating
primarily on natural gas is presented, and the thermodynamic implications of the
overall design strategies implemented in each are discussed. Figure 1-3 gives a con-
cise representation of the most common ways to integrate an ITM air separation or
combined air separation unit and combustor unit into a power cycle.
1.6.1 AZEP
The Advanced Zero Emissions Power plant (AZEP) is an oxyfuel cycle using methane
or natural gas that essentially replaces the traditional combustor with an ion transport
membrane reactor, resulting in a much smaller penalty for the separation processes of
oxygen from air, and CO 2 from exhaust compared with conventional carbon capture
technologies [35]. Specifically, this concept reports a thermal efficiency loss of approx-
imately 5% compared to a 500MW natural gas combined cycle, whereas conventional
post combustion capture processes exhibit a penalty of roughly 9% [58]. Thermal ef-
ficiencies reported for the AZEP cycle range from 50% [35], to 52.5 % [58] for simple,
non-optimized flowsheets. However, it should be noted that the AZEP turbine inlet
temperature for the efficiencies cited above is 1200 C, 200 C above the reported limit
for the ITM reactor due to membrane stability degradation at high temperature [13].
The AZEP concept, shown in Figure 1-4, consists of a Brayton cycle combined
with a bottoming steam cycle in addition to either an unconventional CO 2 steam-
like turbine, or a heat recovery steam generator that utilizes the availability of the
combustion products exiting the ITM reactor [35]. In this cycle, pressurized air and
natural gas enter the ITM reactor separately in addition to a portion of the exhaust
gases from the turbine that is recycled to moderate reactor temperature [58]. The
oxygen is separated through the membrane and the fuel is oxidized, producing a CO 2
rich exhaust which is then routed to either a heat recovery steam generator, or to
a specially designed steam-like turbine that can operate with large amounts of CO 2
[35]. Additionally, since the heat transfer between the combustion side stream and
the oxygen-depleted air inside the ITM reactor is likely to be high, an additional
gas turbine is used to develop work from the air residual stream. The H20 is then
condensed out and the remaining CO 2 is processed for sequestration [57].
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Figure 1-4: AZEP Process Flow Diagram [9]
The AZEP cycle offers many advantages and directly implements the ion transport
membrane technology for air separation and oxidation of the fuel. One of the strongest
features of this cycle is the opportunity to use conventional power plant equipment
for the turbines and compressors, avoiding additional costs already incurred by using
the ITM reactor [57]. Specifically, compared to a conventional natural gas combined
cycle with post-combustion capture, the CO 2 capture costs could be reduced by as
much as 50%, with significantly lower investment costs [57]. Further, the cycle can
be constructed on a modular basis due to the flexibility of the ITM reactor shape and
size, and thus can be scaled according to the desired power rating of the plant [57].
A drawback of this cycle is that it is limited by the outlet temperature of the
ITM reactor itself, which is significantly lower than the maximal inlet temperature of
state-of-the-art gas turbines [10], and thus the maximum attainable thermal efficiency
of the cycle is limited due to the second law of thermodynamics. However, the
actual thermal efficiency attained is not necessarily lower than cycles that operate
at maximal turbine inlet temperatures, since the second law efficiency, or simply the
performance of the cycle relative to the ideal is also significant.
A proposed remedy is to install an afterburner downstream of the ITM reactor,
resulting in net CO 2 emissions, but still giving the plant flexibility between emissions
avoidance costs and operational costs associated with the reduction in efficiency [35].
Further, fabrication, testing and modeling of key ITM components under practical
operating conditions has bolstered support for the feasibility of the plant [58]. Overall,
the AZEP cycle is a promising concept that both mitigates the penalty associated with
oxygen and CO 2 separation, but also provides a simple and cost-effective integration
of the ITM reactor with a highly efficient traditional combined cycle.
1.6.2 Graz and Water Cycle
The Graz cycle is a unique oxyfuel concept developed over that last decade at the
Graz University of Technology that offers a high efficiency, zero-emissions plant using
natural gas, syngas, or even coal [27]. The Graz cycle, shown in Figure 1-5, consists
of a high temperature Brayton cycle integrated with a low temperature Rankine-like
cycle. Various designs have been presented with power production in the range of
400 to 600MWe, and efficiencies ranging from 54.1% [27] to 60.1% [6]. High-pressure
oxygen supplied by a cryogenic air separation unit and fuel are fed to a combustor
operating at typically 40 bar, with a turbine inlet temperature of 1500 C along with
recycled CO 2 and H2 0 to moderate the temperature [27]. The H2 0 and CO 2 rich
combustion products are expanded in a high-temperature turbine with recycled steam
injection, cooled by the bottoming Rankine cycle via regeneration, and then the H2 0
is condensed where the CO 2 separation process occurs [35]. The separated water is
then pumped to a high-pressure, typically 200 bar, heated by the Brayton cycle before
being expanded in a high-pressure steam turbine, and then ultimately is recycled back
into the Brayton cycle through the combustor and high-pressure turbine [27]. A net
amount of H 20 and CO 2 is then removed from the cycle for make-up steam and
storage respectively.
Figure 1-5: Graz Process Flow Diagram [31]
Variations of this concept have been presented, but the key characteristic of
this cycle is the thermodynamically-effective heat integration scheme between the
Brayton-like and Rankine-like cycles that is primarily responsible for the high effi-
ciencies. It should be noted that there exists a related, more basic concept called the
Water Cycle that is quite similar to the bottoming Rankine cycle of the Graz concept
[35]. The only difference is that the heat is added directly to the Rankine-like cycle
at a significantly lower turbine inlet temperature of 900 C instead of to a topping
Brayton cycle ranging from 1200 C to 1500 C [35]. Consequently, the thermal effi-
ciencies reported are relatively low, i.e., 44.6 % compared to the other oxyfuel cycles
analyzed [35], illustrating the importance of a well-designed heat integration scheme
and heat addition at a maximal temperature.
There are many advantages of using the Graz cycle for oxyfuel carbon capture
and sequestration. Specifically, heat is added to the cycle at an overall high average
temperature [27], resulting in low entropy transfer into the cycle and consequently a
higher potential for work. Additionally, since the bottoming Rankine cycle pumps
the water up to high pressure in liquid form, the work requirements are relatively
small [31]. Further, most of the components, except for the turbines, are standard
power plant equipment and thus the component development can be focused on the
unconventional high pressure turbine operating with primarily CO 2 and H20 as the
working fluid [27].
Though the developers of the cycle claim to have significant research experience
pertaining to this novel turbine [31], the costs and implementation feasibility are
still relatively unknown. Further, the Graz cycle requires oxygen production via a
cryogenic air separation unit, implying higher capital costs compared with the AZEP
[35]. Additionally, the cycle has relatively high pressures throughout, i.e., 40 bar in
the combustor and 200 bar in the Rankine cycle, which has materials and operating
implications for the plant [6]. Finally, the turbine inlet temperature exceeds the
limit of an ITM reactor, and thus the cycle would need significant modification to be
integrated with this air separation technology. However, if the advantages of the cycle
heat integration scheme could be combined with the air separation penalty mitigation
of the ITM, the potential for the Graz concept is extremely high.
1.6.3 MATIANT and Feher Supercritical CO 2 Cycles
The MATIANT cycle, named for the two inventors of the concept, Mathieu and
Iantovski, is a novel oxyfuel cycle comprised of a Rankine-like CO 2 supercritical cycle
feeding a bottoming regenerative Brayton-like CO 2 cycle [43] as shown in Figure 1-6.
The cycle uses mainly CO 2 as the working fluid, with natural gas as the fuel, and pure
oxygen is provided by a cryogenic air separation unit. CO 2 sequestration is performed
by injecting high pressure, supercritical CO 2 into the ground [43]. The flow rate of
the circulating CO 2 was varied to maintain a high pressure turbine inlet temperature
of 1300 C. The cycle employs both regeneration and reheat to enhance the efficiency
of the cycle, and CO 2 compression is conducted by a staged, intercooled compressor
train that serves as both the primary compressor of the cycle and the CO 2 delivery
system [43]. Additionally, a net amount of condensed water is delivered by the cycle.
A sensitivity analysis and optimization study by Mathieu indicates that the cycle
could achieve nearly 50% thermal efficiency [42] compared with the initial value of
44.3 % given in the original proposal by Mathieu and Nihart [43].
COM
12 
1 32
0H2
CaC
a: ressor b: condense c:0 2
d: U ttcr a: mixer f:RRHora
g: uncoo1ed HP h: combustian chamber 1 i: MP epander with internal cooling
:mix k: combus amber2 1: LPgniuey with jmCrnalOW i
m: cooler a: water unit o and : fuel
Figure 1-6: Matiant Process Flow Diagram [43]
The MATIANT cycle appears to be based on the much older Feher supercritical
CO 2 cycle. In this concept, a supercritical cycle was proposed that sought to capture
the advantages of conventional Brayton and Rankine cycles without their associated
disadvantages [19]. Specifically, supercritical cycles offer high thermal efficiency, a
low power to volume ratio which is important for plant sizing, no blade erosion in
the turbines or cavitation in the pumps, and relative insensitivity to the compression
process [19]. The pseudo-supercritical cycle proposed by Feher shows high efficiencies
due to low pumping work requirements, along with the opportunity for significant
regeneration as in the MATIANT cycle [19]. Finally, CO 2 was chosen as the working
fluid since the critical pressure is reasonably low compared with water, considerable
property data exists for thermodynamic design, and CO 2 is relatively inexpensive and
abundant [19], especially in light of carbon capture and sequestration applications as
it is a primary component of fossil fuel combustion products.
The relatively low efficiency of the MATIANT concept compared with some of the
cycles described previously should not be taken to mean that it is necessarily inferior
to them. Ultimately, the distinction of a superior power cycle concept depends on
many considerations in addition to the thermal efficiency. Some advantages of the
MATIANT cycle are due to the unique properties of C0 2 , namely the non-ideal com-
pressibility characteristics near the saturation line results in far less work required for
compression compared with that of an ideal gas [43]. Additionally, since the working
fluid is almost entirely C0 2, separation and sequestration become far easier com-
pared with traditional post combustion capture processes [43], and possibly relative
to alternative oxyfuel cycles as well.
However, a disadvantage of this cycle are that it would need significant modifi-
cation to be integrated with an ITM reactor in order to reduce the air separation
thermodynamic penalty and costs. Furthermore, the high pressures required for the
cycle, namely up to 300 bar for the high-pressure turbine, could have severe impli-
cations for materials and design considerations. Additionally, components that can
handle the negative properties of supercritical fluids, namely the corrosion issues, or
simply that can handle concentrated CO 2 streams in general, would need significant
research and development before implementation in an actual powerplant [43]. In
conclusion, the possible benefits of utilizing supercritical CO 2 as the main working
fluid in an oxyfuel cycle for carbon capture and sequestration should not be over-
looked, as this concept provides unique advantages that conventional working fluids
in the usual thermodynamic states simply cannot offer.
1.6.4 ZEPP and ZEITMOP
The zero-emissions powerplant (ZEPP), a term coined by Yantovski et al. [66], has
been developed by different researchers working independently and covers a broad
range of oxyfuel power cycles [66], [57], [43], [23], [41], [27], [9]. The difference between
the ZEPP and a conventional post-combustion capture plant is that the combustion
products exit the plant in liquid form rather than as flue gases to be scrubbed [66].
Yantovkski et al. [66] present a history of ZEPP plants over-viewing some of the
early developments of the cycles by tracking the changes in concept design and the
resulting increases in thermal efficiency [66]. Further, they present a zero-emissions
ITM oxyfuel plant (ZEITMOP), shown in Figure 1-7, with thermal efficiencies ranging
from 46 to 55% and corresponding turbine inlet temperatures between 1300 to 1500
C [66].
In this cycle, the ITM is used as an air separation unit exclusively using recircu-
lated CO 2 as a sweep gas to maintain a low partial pressure on the permeate side. Air
is preheated after compression using exhaust gas regeneration to between 800 and 900
C in order to provide sufficient oxygen flux for the combustion process downstream
[66]. The water is condensed from the C0 2 -rich exhaust gases and then removed from
the cycle. The remaining CO 2 is compressed to high pressure for sequestration, exe-
cuting a quasi-combined cycle, whereas the air stream forms a simple Brayton cycle
[66]. Overall, this cycle is quite similar to the AZEP concept [35], except that it uses
the ITM to separate oxygen only rather than simultaneously oxidize the fuel as in a
manner similar to the cycle presented by Anantharaman et al. [9].
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Figure 1-7: ZEITMOP Process Flow Diagram [66]
Another ZEPP cycle was proposed by Martinez-Friaz et al. where a simple
Rankine-like cycle is utilized with an external cryogenic air separation unit [41]. This
relatively simple cycle, in terms of plant components, is designed using more accu-
rate manufacturers' steam turbine data, severely limiting the operating temperatures
and pressures. The water is condensed out from the system, resulting in easy CO 2
capture, as well as producing water [41]. Additionally, a detailed second law analysis
was performed to identify the effects of using a cryogenic air separation unit and also
implementing turbine blade cooling [411.
The thermal efficiency for a 40GMWe cycle with a high-pressure turbine inlet tem-
perature of 817 C was 46.5%, a value on par with the MATIANT cycle [43], despite
the lower turbine inlet temperature, and more conventional plant design [41]. An
additional advantage to this cycle is that other fuels besides natural gas could be
used such as syngas, coal or biomass [41]. In essence, this concept provides a simple,
cost-effective cycle that could be used to demonstrate the feasibility of oxyfuel carbon
capture and sequestration systems. Further, the irreversibility analysis indicates sig-
nificant exergy destruction due to the external cryogenic air separation unit, second
only to the combustion process itself [41], thus substantiating the need to develop
ITM technology.
1.6.5 Other Novel Cycles
Additional cycles have been proposed in literature that attempt to combine advanta-
geous aspects of various concepts in order to obtain higher overall thermal efficiencies.
In one such cycle proposed by Gabrielli and Singh, [23], a bottoming Rankine cycle is
combined with a topping Brayton cycle incorporating novel aspects such as chemical
recuperation and steam compression and injection [23]. This concept uses natural gas
as the fuel to form syngas, which is subsequently combusted with pure oxygen pro-
duced by an external cryogenic air separation unit with recycled steam to moderate
the combustion temperature [23].
The cycle offers the same advantages for CO 2 separation as the previous cycles,
and also produces relatively pure water [23]. Alternative flow-sheets following the
same design philosophy were analyzed by Gabrielli and Singh [23], and the highest
thermal efficiency reported was 52.3% with a turbine inlet temperature of 1375 C.
Overall, the penalty associated with the compression of saturated steam, as well as
the exergetic losses during the syngas production process conspire to make this cycle
as efficient as the AZEP cycle [35], despite the higher turbine inlet temperature,
and less efficient than the optimized Graz cycle [6], despite the same turbine inlet
temperature. However, the chemical recuperation and steam injection processes could
prove to be valuable design modifications for other oxyfuel concepts.
Another novel cycle was proposed by Anantharaman et al. that utilizes the ITM
reactor as an oxygen separator only with a separate combustor, along with autother-
mal reforming and a sequential burner to reach maximum turbine inlet temperatures
[9]. The design philosophy is quite similar to the AZEP, with important subtle dif-
ferences, namely that combustion takes place in a separate unit. In this concept,
the ITM reactor is comprised of a high and low temperature heat exchanger along
with a separation section that transports oxygen across the membrane to a secondary
sweep gas loop, where fuel is then mixed in and combusted [9]. The turbine inlet
temperature is assumed to be limited to 1275 C, and thus Anantharaman et al. [9]
proposed a sequential burner to obtain an overall turbine inlet temperature of 1425
C. A bottoming steam cycle is used to develop additional work from the exhaust
gases, and the CO 2 separation process is conducted via water condensation as in the
usual oxyfuel cycle. Since the sequential burner scheme proposed results in net CO 2
emissions of 15%, an auto-thermal reformer is installed as an alternative to avoid
emissions [9]. Results of the various flow-sheets proposed give cycles with thermal
efficiencies ranging from 49.3% to 55.1%. A similar pre-combustion capture concept
was proposed by Fiaschi et al. [20] where the ITM is used as a reformer. However,
the resulting efficiency was quite poor, e.g., 44.6% compared to the other ITM-based
cycles, and many challenges associated with reactive ITM applications were revealed.
Overall, these alternative novel cycles demonstrate the flexibility of the ITM reactor
and shows that it can be used either as a separation-only unit, or one with simulta-
neous combustion and separation.
1.7 Related Power Cycle Concepts
1.7.1 Humid-Air Cycles
Although humid-air cycles are not exclusively oxyfuel concepts, they offer useful tools
that can be integrated with an oxyfuel cycle, namely the potential to inject steam
or water into the combustor, compressor or gas turbine to provide cooling. The
main types of humid-air cycles consist of direct water injection, steam injection and
evaporative cycles with humidification towers [32]. The motivation for employing a
humid-air cycle is the increased thermal efficiency for a relatively small increase in
capital and operational costs [32]. Essentially, the injected water or steam increases
the mass flowrate through the turbine, thus increasing the specific work output [32].
The latent heat of vaporization required can be provided by a variety of methods,
ranging from simple regeneration, a humidification tower, to utilizing the compression
work dissipation [32]. Additionally, the water is pumped in the liquid phase, and
since the power requirements are proportional to the specific volume, the result is a
favorable trade-off between pumping and expansion work, thus enhancing the thermal
efficiency of the cycle [32].
Typical gains in efficiency are on the order of 10% with corresponding specific work
increases of 30% [51]. Further, since power cycles generally lose 0.5 to 1% in thermal
efficiency per degree Celsius rise in ambient temperature, the humid air cycles offer a
way to mitigate this factor in warm operating environments as it can provide cooling
with a low thermodynamic penalty [32]. Some common humid-air cycles include the
Cheng, steam injected gas turbine (STIG), humid air turbine (HAT), topping humid
air turbine (TopHAT), and moist air steam turbine (MAST) cycles. Poullikkas [51]
reports that many companies such as GE, Rolls-Royce, Allison etc. have already
manufactured and tested small-scale humid air turbines. Overall, humid-air cycles
offer an additional way to both moderate the high temperatures associated with
oxyfuel combustion, and also augment the thermal efficiency of a given gas turbine
cycle in a relatively cost effective manner.
1.7.2 SOFC-Gas Turbine Cycles
Since the combination of air separation and fuel oxidation transforms an ITM into
the primary energy conversion unit, inevitable comparisons will and should be made
to the Solid Oxide Fuel Cell (SOFC). The SOFC displays many similarities with the
ITM reactor, and recently has been proposed for carbon capture and sequestration
[44, 51, 35, 29]. In theory, fuel cell systems offer high chemical to electrical conversion
efficiency, can operate at high pressure, and produce relatively high temperature
exhaust thus providing the possibility of integration with a gas turbine [51].
A fuel cell oxidizes fuel electrochemically, and therefore is not limited by the
thermodynamic barriers of traditional heat engines [10]. That is, the fuel cell bypasses
the highly irreversible chemical to thermal energy conversion process where up to
30% of the fuel availability is lost due to the exergetically poor utilization of energy
stored in the chemical bonds of the fuel [49]. The electrochemical conversion of
fuel also avoids the thermal to mechanical energy conversion process executed by a
heat engine, where the thermal efficiency is significantly limited by the Second Law
of thermodynamics [10]. Further, since the fuel provided to the anode side is kept
separate from the cathode air side, the nitrogen diluent is prevented from mixing with
the C0 2 , thus providing the same separation advantages of the oxyfuel concepts [44].
The ideal thermodynamic potential for first-law efficiencies above 70% for inte-
grated SOFC gas turbine cycles has led many to believe that this concept is the
power-plant of the future [51], and consequently, intense research is being conducted
to develop this technology to a practical, cost effective level [44]. Simulations report
efficiencies for simple SOFC gas turbine cycles with carbon capture of 67.4% [44],
67.3% [35] and for more complicated concepts with steam reforming and intricate
chemical recuperation schemes of 74% [29], and 76% for a HAT cycle fuel cell gas
turbine system [32]. Kvamsdal et al. [35] compared major CCS power cycles (in-
cluding the ITM-based AZEP) using consistent modeling assumptions or underlying
limitations and found that the SOFC gas turbine concept also resulted in the highest
efficiency, significantly higher than modern combined cycles without carbon capture.
Though the ITM reactor may suffer from many of the same challenges of the
SOFC, such as sealing and materials limitations at operating pressure and temper-
ature [44], the main difference between them is that the SOFC cycles rely primarily
on the electrochemical conversion to develop power, whereas the ITM-based concepts
employ combustion and the more established turbo-machinery technology. This dis-
tinction, along with other cost considerations and overall system efficiency, ultimately
provides the difference between two promising applications for carbon capture and
sequestration.
The results herein indicate that only the separation-only ITM can compete with
a SOFC-GT cycle, potentially showing lower cost, the use of more conventional com-
ponents, and better scalability. That is, if an existing power cycle concept such as the
General Electric Advanced Turbine System can be modified to use a separation-only
ITM without significant loss in thermodynamic efficiency, then the problems asso-
ciated with scaling up present SOFC systems seem to be irrelevant, and not worth
pursuing further. Additional research must be conducted to determine the advan-
tages and disadvantages of each before conclusions are drawn as to which concept is
superior, but the analysis herein shows that it is unlikely that a reactive ITM power
cycle can compete.
1.7.3 Water Production from Oxyfuel CCS Applications
A salient feature of the oxyfuel concepts presented is the production of relatively pure
water during the CO 2 separation process. The combustion of fossil fuels ultimately
results in the formation of water in the products, though in much higher concentra-
tions in oxyfuel versus conventional combustion. Essentially, since the objective is
to capture CO 2 from exhaust gases, comprised almost exclusively of water and C0 2,
a net amount of water is produced from the cycle for no additional cost. Simple
water condensation schemes consisting of staged flash drums operating at different
pressures can be implemented to obtain water of high purity, e.g. 99.9%, from CO 2
rich exhaust gases [29]. The key point is that water production from post combustion
capture processes would likely be un-economical since additional separation processes
would be required, and pre-combustion decarbonization of fuel would likely be more
expensive due to the additional reactor components required. In oxyfuel applications,
the CO 2 and H20 processes occur simultaneously, thus making it advantageous over
the two other methods described previously.
Many oxyfuel cycles such as the AZEP [35], Graz [27], MATIANT [43], ZEPP
[41], ZEITMOP [66], SOFC-Gas Turbine cycles [29] , as well as the novel concepts
presented in [23], [9] include relatively pure water production as an added benefit
of the particular cycle. Additionally, humid air cycles have developed practical and
efficient ways of recovering water from the exhaust to be routed back into the cycle
[32]. Water recovery methods were developed primarily due to the high consumption
costs of obtaining the high purity water required in order to be injected into a gas
turbine [32]. Specifically, for steam injection gas turbines, the water consumption
ranges between 1 to 1.6 kg per kWh electrical produced [51]. Some notable concepts
include the Cheng cycle which utilizes an indirect condensation method, and the
Aquarius cycle which implements a direct contact condenser, both of which recover
water for re-injection upstream [32].
The amount of water produced per MW depends on the fuel used, the plant
efficiency, the type of cooling utilized and the water separation effectiveness. Cited
values from the highly efficient SOFC gas turbine cycle [29] report specific water
outputs of 0.054 kg/s/MW, whereas for other oxyfuel concepts such as the AZEP or
Graz, production is estimated to be roughly 50% higher based on the lower thermal
efficiencies reported. Overall, an additional benefit of using oxyfuel combustion for
carbon capture applications is the production of water that can be used for many
practical power plant operations such as cooling or humidification, or can be sold as
a valuable commodity.
Chapter 2
Intermediate-Fidelity ITM
Modeling
The model described herein is developed from basic principles such as conservation
of energy, as well as semi-empirical relations such as oxygen flux through the mem-
brane that sufficiently capture the complex physics without excessive computational
expense. Additional emphasis is placed on the role of heat and mass transfer within
the reactor. The model is described in sufficient detail such that is reproducible.
2.1 Geometric Structure and Flow Configuration
The geometric structure of the reactor, e.g., monolith vs. planar, and flow configura-
tion, e.g., co-current vs. counter-current, has a significant impact on the ITM reactor
performance. The reactor geometric structure determines the surface area to volume
ratio, affecting the oxygen transport, pressure drop and the heat transfer between
streams. There are trade-offs between large and small surface area to volume ratios
(keeping total volume fixed), since the former results in large oxygen separation per
unit volume but large pressure drops, while the latter could be costly and bulky [40].
Additionally, the number of channels, channel size, frontal area, total length, total
volume, pressure drop and average flux are all interrelated.
The model splits a specified total volume of the reactor Vt, into Neie discrete
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Figure 2-1: Graphical Illustration of ITM Intermediate-Fidelity Model. Note that
only the main elements are shown.
elements that have discrete surface areas Ai based on the hydraulic diameter, Dh.
The "permeate" is a generalized stream that represents all individual oxygen deficient
streams, while the "feed" represents all individual oxygen-rich or air-side streams. In
addition to the axial discretization, transport equations implicitly account for the
transverse variations, as well as the particular geometric structure, by representing
one particular channel or tube of a generic stream.
For example, the pressure drop is calculated by evaluating the flow conditions in
one channel of a particular stream type, and then assuming this particular channel
is representative for all channels of that particular stream type (since they all are
in parallel). Similarly, the heat transfer coefficients for the permeate and feed are
calculated based on the flow conditions present in one of those channels. The general
geometric discretization relationships are given as follows, where ayd is the surface
area to volume ratio for a particular geometry (e.g., square channels), Aj is the discrete
surface area, and Vi is the discrete volume:
Vtot X Asuf V
Ai=- Vj=--oNeie ' -Neie
The expressions above for Ai and Vj include both the permeate and the feed.
However, when a balance equation is written for one of the streams, a parameter, # is
introduced that essentially splits the total ITM volume between each side. Namely, if
Ai is used to determine the heat loss from the generic feed side, it would be replaced
with #Aj, where # is the fraction of total volume on the feed side, and 1 - # is
the fraction of total volume on the permeate side. However, the symmetry of the
checkerboard monolith geometric structure essentially fixes the parameter # equal to
one-half a priori. The thickness of the membrane has been neglected in the volume
calculations because the walls are very thin compared to the typical channel width.
Finally, the assumption of uniformity in the transverse direction only makes sense
for a large number of channels, because the channels along the periphery are not
completely surrounded by channels of the opposite stream type. However, for large-
scale reactors, this is not an issue since the number of channel sizes is quite large,
and thus from a modeling point of view, nearly all of the channels are in the interior
of the reactor.
The cross-sectional area and number of channels chosen have a significant impact
on the pressure drop within the ITM. Due to space constraints, the ITM system is
likely to have a large aspect ratio (length to height/width), and thus the manifold
pressure losses are expected to be small compared to the core pressure losses. The
manifold system is not included in the model developed, but is not significant because
an aspect ratio of ten is used, i.e., the reactor is ten times longer than tall or wide.
Based on an assumed monolith geometric structure, the model can be used to calculate
the approximate height/width (assumed square cross-section) and length in order to
ensure that a reasonable aspect ratio is selected:
Approximate Height/Width =ch Nchannels, Approximate Length N ha*shV Na,,,,j,, AproxiateLengh 
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The flow configuration impacts both the physics of the heat and mass transport
processes, as well as the modeling aspects. In order to understand the potential
impact on the total oxygen separated as a function of flow configuration, it is instruc-
tive to consider analogies to heat transfer. In general, counter-current "exchangers"
(heat or mass) perform better due to a high logarithmic mean driving compared to co-
current. Reactive ITMs (explored in detail later) essentially make the flow distinction
less important from a mass transport perspective because the partial pressure on the
permeate side is maintained at a low value. This is similar to a "'single stream heat
exchanger", where the driving force depends only one of the streams [46]. Specifically,
the oxygen flux is a function of the oxygen partial pressure difference between each
stream, and a reactive ITM essentially removes the permeate partial pressure depen-
dence by maintaining it close to zero. However, the flow distinction is highly relevant
for the heat transfer aspects of reactive ITMs, and so both flow configurations are
explored.
The model development is also affected by the choice of flow configuration. Co-
current configurations are initial value problems, and as such can be solved with more
robust integration algorithms using the discretized axial coordinate as the indepen-
dent variable. Counter-current configurations are more difficult to solve because they
are boundary value problems, and thus the entire system of equations must be solved
simultaneously. This is especially troublesome for counter-current reactive conditions,
partially explaining the absence of counter-current reactive ITMs in the literature.
2.2 Conservation Equations
Steady-state conservation equations are written for each discrete element of each
generic stream, e.g., "permeate," and experimental heat and mass transfer correla-
tions are used to incorporate the effects of transverse gradients implicitly. Feed and
permeate streams each have separate discrete control volumes that are connected
via transport relations. The ideal gas constitutive relation is used for all thermody-
namic properties in the gaseous phase due to the high temperature and relatively low
pressure.
2.2.1 Conservation of Mass and Species
The conservation of mass and species equations are intimately tied to the methane
oxidation kinetics mechanism used. The out-going molar flow-rate of a ith control
volume for each species is written in terms of the inlet molar flow-rate and any source
or sink terms present. Source or sink terms, such as the oxygen flux into the permeate
or chemical reaction consuming oxygen on the permeate, are used to account for the
transfer, creation and destruction of chemical species. For example, the oxygen flow-
rate on the permeate side has the following discretized species conservation equation,
where i is the molar flowrate of 02 [mol/s], Jo2 is the local oxygen flux [mol/m 2/s]
and R'O2 is the local rate of production of oxygen due to chemical reaction [mol/m 3/s]:
ni1,o2 =i,O2 + 4AiJi,0 2 + #Vi R.2
2.2.2 First and Second Laws of Thermodynamics
The First Law of thermodynamics is written for each discrete control volume where
heat loss from the reactor to the ambient, viscous dissipation, axial conduction and
radiative heat transfer are assumed to be negligible. Potentially important heat trans-
fer terms such as radiative heat transfer and axial conduction (both in the gas and
through the membrane) are assessed later in detail. The NASA polynomials [45] are
used for the molar enthalpy of each chemical species such that the molar enthalpy of
reaction is directly included in the First Law. For example, the First Law of Ther-
modynamics written for the permeate stream at the discrete element i, where hj is
the molar enthalpy of species j, and Ti is the local bulk temperature:
n i+1,jfij (Ti+1 ) Z fijhj (Ti) - Qi + Ni,o2,ext
Qj represents the convective heat transfer between streams [W], where the overall heat
transfer coefficient Ui [W/m 2 /K] accounts for the total thermal conductance between
the permeate and feed stream, and T , TI' are the feed and permeate temperatures,
respectively:
Qi =_ #0iAi (T//' - T )
Additionally, the oxygen transported from the feed to the permeate is an enthalpy
stream Hi,o 2 ,ext [W], which although small, must be accounted for:
Hi,O2 ,ext = OAi Ji, 0 2 ho 2 (T')
The Second Law of thermodynamics is applied to the ITM reactor inlets and outlets
to determine the entropy generation as a result of chemical to thermal energy conver-
sion, pressure drop, thermal equilibration, and mixing. As discussed later, entropy
generation can be used to determine the thermodynamic penalty incurred with the
use of ITM air separation units.
$gen = rijsj (T, Pj) - ijsj (T, Pj)
Outets Inlets
sj (T, Pj) =si + ,C (T)dT,-R In (
To Pref
NASA Polynomial
2.3 Transport Phenomena
Transport phenomena must be included in an ITM model for many reasons, including
the determination of viscous pressure losses, the local membrane temperature at the
surface, and the impact of mass transfer resistances to oxygen transport. In order to
reduce the computational time, transverse discretization is not performed. Instead,
the effects of transport in the transverse direction are captured by using an appropri-
ate correlation, e.g., the convective heat transfer coefficient for fully-developed flow
in a channel to account for transverse temperature gradients.
Effective reactor design and thermodynamic integration into a power cycle both
rely heavily on transport phenomena due to the relationship between viscous pres-
sure drop and thermodynamic penalty, the impact of the porous layer on overall
mass transfer, and the coupling between oxygen flux and operational temperature
constraints. Thus, this aspect is given considerably more development than previous
analyses in the literature in order to more accurately assess the aforementioned ITM
design considerations.
2.3.1 Viscous Pressure Loss and Fluid Dynamic Considera-
tions
The pressure drop is required to determine part of the thermodynamic penalty in-
curred while using an ITM to separate oxygen from air. Therefore, accurate calcula-
tion of the pressure drop as a function of the geometric structure chosen is crucial,
since the oxygen separated depends on both the pressure drop and the geometric
structure. Excessive pressure drops must be avoided for many reasons, most impor-
tant of which are the exergy destruction and degradation of the oxygen transport
driving force. A fixed amount of oxygen required implies that viscous pressure losses
are quite important, because a decrease in overall partial pressure driving force leads
to a larger reactor requirement, which in turn leads to more viscous pressure losses.
That is, pressure losses lead to additional pressure losses with positive feedback-
suggesting that small changes in ITM design potentially have large implications for
overall performance.
Gas turbine power cycles, such as the Brayton cycle, are especially sensitive to
pressure losses because they have a relatively small net work ratio (net work/gross
work), and so large pressure drops in the ITM reactor could drastically lower the ther-
mal efficiency. Further, if the flow is imbalanced, i.e., the feed mass flow-rate is much
larger than the permeate mass flow-rate, then large total pressure differences could
develop across the membrane, i.e., in the transverse direction, leading to mechanical
stability issues. Again, we see that the intricate connections between ITM reactor
geometric structure, oxygen separation, and the impact on power cycle performance
dictate how the reactor ought to be designed.
Since we have assumed that one channel is representative of all channels of a
particular stream type (i.e, one feed channel represents all feed channels), all transport
phenomena calculations are based on the flow conditions present in one feed channel or
one permeate channel. The total pressure is the same at any given discretization point
for a particular generalized stream. The mass flow-rate and local Reynolds number,
ReDhI, for one representative channel of each stream is calculated at each discrete
element, where Nch,side represents the total number of either permeate channels or
feed channels, Dh is the hydraulic diameter, Mag is the average molecular weight, y
is the mixture viscosity, and rhi,ch is the mass flow rate entering one channel:
iiMi,avg
Nch,side
mil,chDhReDhi - 1aA~pAc
The bulk velocity of the gas in one tube, fii, needs to be maintained below a threshold,
and is required for the pressure drop:
_ ijRTj
AcP,totNch,side
Standard correlations found in [46] are used to determine the friction factor, fi, assum-
ing smooth surfaces, i.e, Petukhov correlation for turbulent flow, and the well-known
power law form for laminar. The friction factor for the feed stream:
1 Cfi=- f- =(0.790 In [ReDhi] - 1.64)2" 1 ReDhi
The outlet pressure of each discrete element is determined by the following (monolith
geometric structure), where Vi/Nch represents the discrete volume of a single channel:
Pi+1 -Pi - Pi
S3Neh
As previously stated, the pressure drop calculations herein assume the core pres-
sure loss are dominant over the manifold pressure losses due to the expected large
aspect ratio (length to height/width). The impact of surface roughness (particularly
for membranes with porous layers) could be significant, and so reactor design and siz-
ing should account for potentially larger pressure drops than calculated. The impact
of laminar vs. turbulent flow is substantial for all transport phenomena, and thus
careful choice of reactor geometric structure using the equations above is required.
Broadly, turbulent flow will increase the viscous pressure losses, but improve the heat
and mass transfer-thus another trade-off is expected.
2.3.2 Heat and Mass Transfer Considerations
The local membrane temperature is another critical ITM parameter that must
be monitored and controlled. Specifically, the oxygen permeation through the mem-
brane has Arrhenius dependence on the (local) temperature, which in general is dif-
ferent from the bulk temperature. Further, excessive membrane temperatures must
be avoided in order to avoid material failure. Thus, the heat transfer between the
feed and permeate must be calculated as a function of operating conditions in order
to correctly model ITM performance and operating constraints. For separation-only
ITM reactors, acceptable inlet temperatures eliminate the possibility of local exces-
sive heating, but the local temperature must still be determined in order to calculate
the local oxygen flux. However, for reactive ITM applications, the local heat transfer
away from the reaction zone must be large enough to accommodate the local heat
release due to the chemical reactions.
Standard heat convection correlations found in [46] are used to determine heat in-
teractions between streams as a function of the local Reynolds number, composition
and geometry. We assume that convection is the dominant heat transfer mode due to
typically small channel sizes found in the literature. Thus, we assume that conduc-
tion along the membrane, along the gas in the channel, and radiative heat transfer
both along and across the reactor are insignificant compared to convection. These
assumptions essentially provide the "worst-case" situation for both separation-only
and reactive applications, because for the former, it takes longer for the hot sweep gas
to preheat the air feed (lower flux), and for the latter, the model overestimates the
membrane temperature, and thus provides a safety margin. Justification is provided
for all of these assumptions in the following sections.
The Gnielinski correlation is used for turbulent flow based on the hydraulic diame-
ter, whereas for laminar flow, the Nusselt number is assumed to be equal to a constant
depending on the geometric structure for uniform wall temperature (consistent with
conservative heat transfer estimates), and fully-developed flow is also assumed [46].
The following shows the Gnielinksi correlation, where Pr is the Prandtl number:
NUDhOi = fi/8 (ReDhi -1000) Pr
1 + 12.7V fj/8 (Pr2!3 - 1)
The analogous bulk convective mass transfer Nusselt number, i.e., the Sherwood num-
ber (Sh), is obtained using low mass transfer theory [47]. The overall heat transfer
coefficient is calculated based on the thermal resistance of each stream to determine
the heat transfer between them, where the conductive resistance through the mem-
brane is assumed to be small since it is extremely thin:
1 Dh Dh
U. Nufk' Nuf'k"
The mass transfer conductance Gm0 2 in [mol/m 2/s] is calculated for bulk to surface
transport expressions based on the Sherwood number, the local total concentration,
C, and the effective binary diffusion coefficient Dim:
CiDimShi
Dh
There are two ways to estimate the local wall temperature. The "cold wall"
method is most appropriate for separation-only ITM reactors, while the "hot wall"
method estimates the impact of chemical reactions occurring only at the surface of
the membrane, i.e., catalytic combustion. The "cold wall" temperature is calculated
based on the heat transfer coefficient of each stream and the local stream to stream
temperature difference at each point along the reactor. Essentially, we are relying on
the experimental correlations to reasonably capture the actual temperature profiles,
e.g., flow in a channel with constant wall temperature or heat flux. An Eulerian view-
point of the flow indicates that at steady-state, the heat transfer across the membrane
in the transverse direction is constant at a particular position along the reactor. Thus,
the local membrane temperature Tmemb can be determined from classical resistance
network methods [46].
Ti~Tm - T~
Nu'k"
1 + Nu k'
The upper bound "hot-wall" method, assumes that all heat release due to the
chemical reaction occurs directly at the surface of the membrane, and so an equivalent
heat flux can be specified that must be convected away to both streams. Thus, the
resistance method is used with the modification that a heat flux is specified at the
membrane surface, and the resulting temperatures at each node are calculated based
on the convective heat transfer coefficients. An intermediate solution of the two
cases is expected for situations where the chemical reactions occur in the bulk, rather
than directly on the surface of the membrane. Detailed CFD models are required
to obtain the actual transverse temperature profiles, but our intermediate-fidelity
model can provide the upper and lower bounds of the membrane temperature within
a reasonable degree of accuracy.
The local heat release is determined based on either complete combustion or ther-
modynamic equilibrium, as discussed later. If complete combustion is assumed, i.e.,
CO 2 and H20 are the only products, then this method provides the maximum pos-
sible temperature we should expect at the membrane surface. If there are reforming
reactions occurring, then the heat release will significantly lower, and possibly even
of opposite sign, depending on the effective enthalpy of reaction.
REH4 V (Ti) = (1 - ) U/ Ai (Ti,M - T'j') + #U'A (Ti,M - T/
Local Heat Release Convection to Permeate Convection to Feed
Many heat transfer assumptions are made based on physical arguments to sim-
plify the model and reduce computation time. First, the heat conduction resistance
through the membrane (transverse) is not included in the calculation of the overall
heat transfer coefficient between streams. The thermal resistance I is much smaller
than either of the bulk convective terms I because of the thin membrane required of
high oxygen flux applications.
Conduction along the reactor coordinate through membrane walls is also assumed
to be insignificant because of the small cross-sectional area (very thin membranes) and
expected small temperature gradients. Equivalently, the ratio of advection (rhCpAT)
to conduction (kmembschthVT) is large (> 10,000), where AT ~ (Ti+1 - Tj) and
VT ~~ (Ti+1 - Tj) / (Vi/s'h) are calculated based on the simulation results. This
ratio is similar (but not quite the same) to the Peclet number, because the area
and thermal conductivity is taken for the membrane, not the flow, and thus one can
immediately see that advection dominates because the kmembSchth product is small.
Finally, heat conduction within the bulk flow in the axial direction is also ne-
glected. Traditionally, the Peclet number based on the length is used to determine
the relative impact of bulk convection compared with heat conduction in the direction
of the flow. Fully-developed internal flow requires a slightly different definition of the
Peclet number, where the Reynold's number is based on the diameter instead, as in
[64], where the requirement to neglect axial conduction is given as:
PeDh = ReDhPr VDh> 100
a
This assumption has the effect of converting the elliptical energy equation into a
simpler parabolic equation, where information cannot be transferred "upstream" [64].
A value of at least 5,000 is obtained from the simulation results, confirming that axial
conduction is safely neglected due to the relatively high Reynold's number and low
conductivity of gases.
Reactive ITM applications are much more difficult to assess than separation-only
ones. The presence of combustion reactions could challenge the assumption of negli-
gible axial conduction in the flow because of the possibility of a large local increase in
temperature or heat generation in a small distance, i.e., a premixed flame spanning
the channel, or a diffusion flame along the channel. Essentially, the heat flux due to
chemical reaction boundary condition is continuously changing along the axial direc-
tion of the reactor, and so the fully-developed flow requirement to use the expression
above is technically not met. However, the slow nature of oxygen permeation means
that the reaction rates are likewise slow, and thus the combination of a conventional
high Peclet number and the expectation of small gradients in the reaction rate make
this assumption reasonable. That is, we are assuming that the local flow conditions
can be approximately assumed as fully-developed because boundary conditions, i.e.,
the local reaction rate and heat flux, changes slowly based on physical arguments
about the nature of ITM oxygen separation.
In any high temperature process, radiative heat transfer must be assessed. First,
we have assumed that the transverse radiative heat transfer is insignificant, because
the small channels lead to high convective heat transfer coefficients, implying that the
temperature difference between the wall and the free stream is small. Additionally, the
absorbtivity and emissivity, as well as the beam length, are likewise small. This has
the effect of under-estimating the heat transfer between streams, and so it represents
a conservative assessment of the reactor performance.
Parametric analyses were later used to explore the impact of an increase in the
transverse heat transfer coefficient due to radiative heat transfer [40]. However, there
still remains the possibility that radiative heat transfer could be significant along
the reactor, since a given region on one side of the reactor can "see" another region
adjacent to it, or one that is on the other end of the reactor. For reactive ITM
applications, the temperature difference between the inlet and outlet is relatively
large, and thus axial radiative heat transfer must be evaluated carefully.
The effect of small channel width on the view factor, the low emissivity of the gas,
and the high Reynolds number suggest that radiative heat transfer in the stream-wise
direction is unimportant. The view factor represents the fraction of radiant energy
leaving one surface intercepted by another, and is purely a function of geometry and
orientation. Because of the small channel width, the view factor in the axial direction
decreases sharply, and thus radiant energy leaving a relatively high temperature zone
is far more likely to interact with the walls and be absorbed than propagate down-
stream to cooler regions, provided that the wall material does not have an extremely
high reflectivity. Consider two regions within the same channel of the ITM reactor,
where region i represents a region of relatively low temperature, and region i+m rep-
resents a region of relatively high temperature, where m is an arbitrary number of
discretized regions downstream. The direct radiative heat transfer between these two
hypothetical regions is then [37]:
Qraa - AiFi,i+m (T - T 4m)
Here Fi,i+m is the overall transfer factor which depends on the emittance of the gas
at each location, and more importantly, the geometric view factor between them.
The transfer factor can be obtained by solving the system of equations for a classical
enclosure radiative heat transfer problem as a function of geometry and emissivity
[46]. Specifically, the geometric view factor, fi,i+m can be calculated for 2D geometries
with channel as:
fi,i+m - (1 + S2)1/2 - S
The 2-D view factor drops from 0.41 at one channel width away, to less than 0.1 after
five channel widths, while for a 3D case, it drops from 0.2 to 0.01. The Stefan number
is calculated in order to quantify the relative importance of radiation in the general
energy conservation equation:
Ste =
Qrad
The advection term is calculated based on ITM simulation results [40], while the
radiation term is calculated using a standard radiation enclosure method based on the
ITM simulation temperatures, with an assumed emissivity of 0.8 for the membrane,
and 0.05 for the gas. The smallest Stefan number obtained is 8000, indicating that
axial radiation is safely neglected. Numerous points were sampled based on the results
given in [40] at different locations along the reactor coordinate. Again, the omission
of axial radiative heat tranfer represents the worst case scenario in terms of membrane
overheating. Interestingly, if the membrane walls had very high reflectivity, then the
assumption of no axial radiative heat transfer may be overly conservative. That is,
radiative energy could propagate from a high temperature region to a low temperature
region by bouncing off the walls, thus smoothing out the axial reactor temperature
profiles and potentially mitigating the harmful effects of localized hot-spots.
Experimental work should be done to explore this possible effect since it could
have a beneficial impact on local temperature control, particularly in the overshoot
region near the end of the reactor. Detailed CFD and experimental case studies should
investigate the impact of radiative heat transfer to obtain a simplified correction factor
for the overall heat transfer coefficient. The overall heat transfer coefficient is varied
later to assess the impact of neglecting the additional transverse heat transfer [40].
Oxygen bulk convective transport is neglected in nearly all ITM models presented
in the literature, but could have an impact on the overall performance under certain
conditions. The stagnant-film model with one component stationary can be used
to modify the low mass transfer convective boundary layer expression for use with
general mass transfer rates [62]:
J 2 ,conv ( ShDmPtot ln 1 - X02,e X0 2,e)
J021 ( DhRT ) (1 - 0,)r-G 2 X ,S e
The right hand side represents the simplified case where the effects of flow motion
in the direction of mass transfer caused by mass transfer itself are negligible [47].
The Sherwood number Sh can be obtained from the same correlation for the Nusselt
number by replacing the Prandtl number with the Schmidt number:
Sh = f (ReDh, Sc, geometry)
Asymmetric membranes are likely to be used because they can provide additional
mechanical strength [62, 56, 15, 58]. The mass transfer through these layers is quite
complicated. The added layer impedes direct flow of molecules to the dense layer
surface, but also enhances the surface area ("fin effect") if the porous layer is made of
the same mixed-conducting material. That is, molecules can interact with the porous
layer in the same way as with the dense layer, or they can simply pass through.
The reader is referred to [62] for a detailed analysis of this effect. Here, we will only
account for the mass transfer resistance added by the porous layer, i.e., we will neglect
the "fin effect".
Mass transfer in porous solid consists of ordinary, Knudsen and surface diffusion,
any of which could be dominant depending on the pore size [47]. In reality, there
are layers of different pore sizes and thicknesses that can be engineered for optimal
oxygen transport [62]. An approximate expression for mass transfer through an ITM
porous layer is given by the following, where Dk is the Knudsen diffusion coefficient,
t~ore is the average pore thickness or length, c is the volume void fraction, and r is
the tortuosity of the material [62]:
Jo2 ,Porous = E1 C2,stp-02,s
J02 T + 1-x0 2 , tPore
2 8RT
DK Srpor" 7rM 0 2
Thus using the mass transfer resistances in addition to the oxygen permeation flux
expression, an overall oxygen transport "resistance chain" is constructed to explore
the relative impact of each term. This complete transport is used to verify the con-
ditions when bulk oxygen transport is safely neglected, and the results are presented
and discussed later.
Another mass transfer consideration typically overlooked is the resistance of trans-
port of methane from the free stream to the reaction zone. In certain situations,
methane transport could actually be limiting, rather than oxygen transport. This is
particularly important given the high levels of diluent required to operate a reactive
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Figure 2-2: Overall Oxygen Mass Transfer Chain
ITM in such narrow temperature ranges. Suppose we have a generic reaction zone,
either a catalytic surface or a flame suspended in the flow-field. Essentially, the model
will check for the limiting reactant by setting both the oxygen and fuel concentrations
to zero at the reaction surface and then calculate both oxygen and methane flux to
determine which one is smaller, i.e., assume transport or diffusion-limited oxidation
regime. If the maximum flux of oxygen is smaller than the maximum rate of methane
transport to the surface, the reaction rate will be limited by the oxygen flux, while if
the methane flux is lower, the opposite is true.
It is expected that initially the reaction rate will be overwhelmingly limited by
the oxygen flux since it must migrate through the membrane in addition to the
boundary layer on the feed side. However, towards the end of the reactor when
the fuel concentration is low, it is possible that the methane flux could be limiting,
and so the assumption that oxygen transport is limiting is probably sufficient for
most of the reactor. Thus, the error occurred by assuming that the reaction rate goes
as oxygen flux in the small region where it really is limited by the methane flux is
small. Since temperature limitations of membrane are stringent, it is likely that the
methane is so diluted such that the low mass transfer convection expression can be
used. Typically, the criterion on low mass transfer theory is given by the following
expression based on the mass fractions at the surface and in the free stream [37]:
1 - mj,e <0.2
67
P02'
The expression above indicates that for a surface mass fraction of zero, and the
free stream at an unrealistically high value of 0.1, we still get a value of half the
maximum allowable, and so the physics of the problem allow us to use low mass
transfer theory convection for methane transport:
Ji,CH4 = Gmi,CH4 (xi,CH4 ,e - Xi,CH 4 ,o)
The impact of "blowing" or "suction" due to fluid motion in the direction of
mass transfer on heat transfer must also be assessed. Couette flow engineering-based
models [47] is used to estimate effect of blowing/suction on convective heat transfer
coefficients, where h* represents the original heat transfer coefficient, he with blowing,
and n"2 , the oxygen flux in the transverse direction:
hc Bh Bh - - 0
h* exp (Bh) -' h*
For typical operating conditions with the maximum oxygen flux possible, the
impact of blowing or suction would be a mere 1.2 %. Alternatively, the convective
heat transfer coefficient would have to a relatively low value of 10 W for blowing
to change the heat transfer coefficient by 10%, or the flux would have to increase
by an order of magnitude from the highest experimentally reported. For a reactive
ITM, blowing/suction would have the effect of keeping the membrane cooler than it
otherwise would be via transpiration cooling [47], an important influence on the local
membrane temperature and hence the flux.
2.4 LSCF6428 and LNO Semi-Empirical Mecha-
nisms
Oxygen transport in an ITM membrane is a physically complex process, and should
be represented inside of a reduced-order ITM model without excessive computational
expense. A compromise between extremely detailed oxygen transport models as in
[62], and simplified models found in black-box analyses yields an appropriate flux
expression for our intermediate-fidelity model. The semi-empirical form found in the
literature is used to determine the local oxygen flux as a function of the membrane
temperature, the feed and permeate oxygen partial pressures, and empirical constants
that depend on the specific material. This form allows for interchangeable oxygen
flux mechanisms to be implemented quickly and effectively within the model in order
to explore the impact of different ITM membrane materials.
Jo2 = Aexp(-B/TM) [(P' 2 )" - (P"2 )']
The preexponential A in some sense accounts mostly for the diffusion coefficient
and the membrane thickness dependence, while B represents the effective activation
energy or Arrhenius dependence due to both surface exchange kinetics and diffusion
coefficient activation energy. This mechanism is chosen because it is simple, relatively
accurate with respect to experimental data, and reasonably captures the impact of
both surface exchange kinetics as well as the temperature dependence of the oxygen
vacancy diffusion coefficient. However, it is limited in the sense that it applies for
a specific membrane thickness, and also cannot be extrapolated too far from the
experimental conditions used to obtain the fitted values for A and B.
The functional dependence on partial pressure is assumed to be n = 0.5 for LSCF,
and n = 0.25 for LNO based on global surface exchange kinetics theory and exper-
imental results. This is consistent with the mixed control, i.e., both diffusion and
surface kinetics, in contrast to diffusion dominant where n is typically less than zero
[56]. Data from literature listed in Table B.1 was examined to confirm the assumed
temperature and partial pressure dependence, and good agreement was found.
Matlab's surface-fitting toolbox is used to fit the expression above against data
points from [65] for LSCF and [54] for LNO. The Levenberg-Marquardt least squares
method is used, resulting in relatively low sums of the squares of the error (SSE), i.e,
less than 10-8. Since reported maximum permeation rates have increased relatively
recently, (see Table B.1), the expression is scaled up by one order of magnitude
(inside the model) such that it gives the maximum flux values found in the literature
at maximum temperature and partial pressure difference. Essentially, the model
assumes that the functional form of the oxygen flux is given by [65] and [54], but we
modify the flux expression to reflect recent permeation improvements. The effect of
modifying the flux functional dependence is explored later by changing the activation
energy dependence [40]. Further, the effect of lower-performing membranes are not
explored, because economic feasibility requires oxygen flux on the order of 0.07 M ]
[15].
The data range available for the oxygen partial pressures is relatively limited,
and thus more comprehensive experimental results may be required for high-accuracy
calculations later. Figure 2-3 displays the curve fits for LNO and LSCF and Table 2.1
provides the specific curve-fit constants. The flux expression is plotted as a function of
membrane temperature and feed oxygen partial pressure, where the permeate partial
pressure is held fixed. It should be noted that the figure shows some extrapolation,
specifically in the oxygen partial pressure (LSCF) and in the temperature (LNO),
and thus the flux is higher than reported experimentally.
Table 2.1: Semi-Empirical Oxygen Flux Curve-Fits. The effective activation energy
parameter B of 16,510 and 10,240 [K] corresponds to 137.3 and 85.2 [kJ/mol] or 1.42
and 0.88 [eV] respectively.
Membrane n A B Temperature 02 Partial Ref.
Type [mol x m-2 x s- x Pa~n [K] Range [K] Pressure Range [Bar]
LSCF 0.5 26.75 16,510 1023-1233 6 x 10-3 -1 [65]
LNO 0.25 2.011 10,240 1123-1273 8 x 10-4 -2.1 [54]
The sensitivity of the flux with respect to the local membrane temperature and
oxygen partial pressures on each side can be used to guide ITM design and operation
trade-offs. Specifically, the local sensitivities are:
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If the local membrane temperature is relatively low (<1050 K), the flux is nearly
insensitive to the partial pressure gradient because of the relatively slow kinetics due
to the Arrhenius dependence. However, in the high temperature range, the sensi-
tivity to partial pressure gradients is significant as the diffusive resistance becomes
dominant. That is, the Arrhenius term exp (-B/T) is extremely small for low tem-
peratures compared with B, but quickly approaches one for temperatures larger than
B. This implies that the membrane axial temperature profile must be controlled and
maintained near the maximum temperature limit in order for large partial pressure
differences to matter.
Also, one of the leading terms in the partial pressure sensitivity expression is n,
and so LSCF is clearly more sensitive to changes in partial pressure than LNO. Thus
an ITM reactor designed with the intent to exploit large partial pressure differences
would only be successful if the temperature is maintained at a high level. The impli-
cations for reactive ITM applications are explored in detail later [40]. Clearly, both
oxygen partial pressures and local temperature are important in the high-performance
operating regime, and so ITM reactors should take advantage of both.
Finally, it is instructive to compare some of the sensitivities to each other ana-
lytically. First, the ratio of the temperature sensitivity to the feed partial pressure
sensitivity, and the ratio of feed partial pressure sensitivity to permeate partial pres-
sure sensitivity is:
Jo Jo 
- P0 2 B 0 2
OT 9bP2 nT 2  po2
02 (0
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The first expression shows that the temperature sensitivity dominates the partial
pressure sensitivity when B is large compared to T2 , i.e., when the activation energy
is large. Therefore, if a material with a lower activation energy is devised, the detri-
mental effects of strong temperature dependence can be mitigated. Additionally, it
shows that as the temperature decreases, the importance the partial pressure sensitiv-
ity (relative to temperature) decreases dramatically due to the squared dependence,
as demonstrated in Figure 2-3. Finally, it shows that the exponent n also impacts the
sensitivity, and so we again see that the particular details of the material structure
or composition impact the flux.
The second expression is helpful to select the ratio of sweep gas flow-rate to the
feed flow-rate, a critical operational parameter. The partial pressure driving force is
reduced due to the decrease of feed partial pressure, and the increase of permeate
partial pressure. The oxygen flux is more sensitive to the permeate partial pressure
when the feed partial pressure is much higher than the permeate. Thus, when an ITM
design calls for a modified sweep ratio to improve the overall performance, changing
the sweep gas flowrate is more effective. That is, an increase of the permeate flow-rate
would increase the oxygen separated for a lower pressure drop compared to increasing
the feed flow-rate, because the flux is more sensitive to the permeate partial pressure
when P' 2 >> P" . The effect of sweep ratio on oxygen separation is explored in
detail later [40]. Finally, the sensitivity expression shows strong dependence on the
exponent n, and so we should expect different results for LNO vs LSCF for the same
flow conditions or ratio of permeate to feed flow-rates.
2.5 Methane Oxidation Kinetics
A reactive ITM could potentially increase the total oxygen removed from the feed
stream for a given reactor size by maintaining a low permeate oxygen partial pres-
sure. However, the operating temperature, as well as the concentration of certain
species known to cause fouling such as CO must be controlled to avoid material fail-
ure [15]. In reality, the methane oxidation will likely consist of both homogeneous
reactions in the bulk gas phase, and heterogeneous reactions at the surface of the
membrane, or within the porous sub-layer. Additionally, the multitude of simultane-
ous physical processes occurring would require detailed transverse discretization (too
computationally expensive for systems-level analyses), well-characterized heteroge-
neous kinetic mechanisms (still relatively unknown), rigorous transport phenomena
(i.e., Navier-Stokes and Stefan-Maxwell equations), and specific porous surface struc-
ture (varies between membranes) for high-fidelity results. These modeling aspects
are extremely important, but lie outside the scope of the essentials required for an
intermediate-fidelity systems-level models suitable for optimization studies. Our goal
is to determine the impact of the extreme possibilities where one aspect of the overall
methane kinetic mechanism dominates the other, so that we have essentially bounded
the expected performance of the reactive ITM.
2.5.1 "Fast Kinetics" Assumption (Restricted Equilibrium)
The simplest oxidation mechanism assumes that products of the chemical reaction
consist only of CO 2 and H20, and also that the rate of chemical reaction is limited
by the transport of oxygen across the membrane:
CH4 +20 2  C02+2H20
There are two physical situations that this assumption reasonably approximates.
First, it could represent a reactive ITM with a special catalyst that is completely
selective for C0 2, resulting in "complete" combustion directly on the surface of the
membrane where oxygen enters the permeate stream. The second situation is a dif-
fusion flame suspended in the flow field at relatively high temperature. Here, the
oxygen diffuses across the boundary layer to meet methane in a small, well-defined
reaction zone somewhere between the membrane surface and the free stream. The
high temperature of the flame accelerates the local homogeneous kinetics, and mostly
produces CO 2 and H20 only, if the flame temperature is not too high. If we can safely
assume that transport of methane to the surface (or reaction zone) is not limiting,
then the rate of reaction can be written explicitly in terms of the oxygen permeation
flux across the membrane:
Ji0o20A = -R1"o2V. = -2R V. - 2R V.co2 i- = H
Thus, we are assuming that no oxygen exists on the permeate side so long as there
is fuel present, and also that mass transfer of oxygen to the surface of the membrane
on the permeate side is the rate limiting step. It should be noted that LSCF has
been reported to have inherent catalytic activity that is selective for C0 2, even at
relatively low temperatures (e.g., 500-600 'C) [60]. However, for the purposes of our
model, we need only show that the reaction rates are so much faster than the oxygen
flux, that chemical equilibrium is always locally attained. Additionally, if the fuel is
consumed, we cannot continue to use the above equations for the reaction rate, since
there is no longer any consumption of oxygen or fuel.
The logistical function is used (explained later) as an "If-Then-Else" logical state-
ment to essentially turn off the reaction rates once the fuel decreases below a certain
flow-rate. Finally, we are also assuming that the homogeneous gas phase reactions
in the relatively cool bulk are so slow that once the products of the reaction have
formed and leave the reaction zone back to the free stream, they do not have a
sufficient residence time to interact and form species such as H2 or CO.
2.5.2 Thermodynamic Equilibrium Assumption (Unrestricted
Equilibrium)
The possibility of steam reforming and water-gas shift reactions could have a sig-
nificant impact on the local temperature within the reactor, as well as on the local
composition. We assume as before that the methane oxidation kinetics are much
faster than oxygen transport, but instead do not restrict chemical equilibrium to
CO 2 and H20. The equilibrium equations are evaluated at the membrane surface
temperature determined by the heat transfer to each stream and the local chemical
to thermal energy conversion due to the consumption of the fuel. The composition
and temperature of the permeate stream is then determined by solving the equilib-
rium equations at each discrete element. Equilibrium is considered for six species,
namely CH 4, C0 2, CO, H2, H20, 02 containing three chemical elements, and thus
three independent chemical reaction equations are required:
1C2 -T CO+ -0 22
1H20 = H2+ -02
2
CH4 + H20 = CO + 3H2
The Law of Mass Action is used to determine the equilibrium composition and tem-
perature, since ideal constitutive property models yield convex Gibbs free energies of
reaction, and thus stationary conditions are necessary and sufficient for a minimum
in the Gibbs free energy. Equilibrium equations are written for each kth-reaction and
jth-species, where vi,k is the stoichiometric coefficient of a particular species exiting
flow-rate ni,out in the jth reaction:
-AG R k Ti+1) __ prd jk 1ot Evj,k)
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The standard Gibbs free energy of reaction AGRk for each reaction is determined as
a function of temperature using the NASA polynomials [45] for enthalpy and entropy
with all reactants and products at the reference pressure. Either the stoichiometric
approach or the conservation of atomic nuclei can be used along with the first law of
thermodynamics to determine the outlet molar flow-rates of each species as a function
of the inlet conditions:
3
nj,i+l nj,i +J (vj,kk)
k=1
In the stoichiometric approach shown above, (k is the extent of the kth reaction.
Thus we can replace the ni,i+1 terms in the Law of Mass Action, solve for the extents
of reaction, and then determine the outlet flow-rates of each species. Alternatively,
we could solve directly for the outlet flow-rates and use the conservation of atomic
nuclei instead. The conservation of atomic nuclei replaces the equations with simple
ones that equate the incoming atomic element present in all species to the outgoing
atomic element present in all species (C,H,O), e.g., for carbon:
nco 2,i+1 + nco,i+1 + ncH4,i+1 -nCo 2 ,i + nco,i + nCH4,i
All results herein and in [40] are based on the nonstoichiometric approach. Inci-
dentally, the nonstoichiometric approach contains more variables, but the equations
are easier to solve, and the equilibrium submodel based on this approach is more
robust.
2.5.3 Additional Oxidation Kinetics Schemes
Finally, we discuss the assumption that homogeneous oxidation kinetics are not prac-
tically relevant because they are quite slow compared with the oxygen flux for a
majority of the reactor length. This is due to the relatively low temperature, and
also due to the low local oxygen concentration in the bulk for most of the reactor.
For any practical application, the use of a reactive ITM is warranted if the chemical
reaction maintains a low oxygen permeate partial pressure. Otherwise, all of the ad-
ditional engineering considerations, as well as the sacrifice in membrane performance
for stability, are essentially for little to no performance or cost advantage [40].
In order to verify this claim, the GRI methane kinetic mechanism is incoporated
into a co-current reactive ITM model, where full simulation conditions are given in
[40]. The reactor volume required to fully oxidize the fuel is significantly larger than
the case where complete catalytic oxidation is assumed (2,500 m3 vs. 910 m3 ). How-
ever, it should be noted that a reactive ITM based on the GRI mechanism incurs
such a large pressure drop that the oxygen flux approaches zero before the fuel is
consumed. Thus, the results presented herein using the GRI methane kinetic mecha-
nism (e.g., Vtet = 2,500m3 and Figure 2-4) are obtained by setting the friction factor
to zero. Finally, it should be noted that this approach assumes that the oxygen and
fuel are instantly mixed as the oxygen enters the permeate stream. This assumption
has the effect of over-estimating the homogeneous reaction rates. Thus the effect of
imperfect mixing would make the required reactor volume even larger.
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Figure 2-4: Reactive Co-Current ITM with GRI Mechanism
Figure 2-4 shows the molar flow-rates of oxygen, methane, carbon monoxide, and
hydrogen on the permeate side, and the partial pressure of oxygen on the permeate
side. The results are typical of a pre-mixed flame, where quite a bit of residence time
is required for the temperature to reach a critical value. This is further exacerbated
by the oxygen "trickling in," compared to conventional pre-mixed applications where
all of the oxygen is already mixed in with the fuel. That is, the low concentration of
oxygen and low bulk temperature made the ITM perform essentially like a separation-
only reactor until enough oxygen makes it across and the temperature is high enough
for ignition. The oxygen builds up on the permeate side despite the fact that there
are homogeneous chemical reactions occurring uniformly throughout the stream.
After roughly 1000 m3 , the temperature and oxygen concentration reaches a crit-
ical value, and an "ignition" phenomenon occurs, as in a pre-mixed flame, and all of
the oxygen on the permeate side is consumed. The remaining portion of the reactor
shows a similar behavior to the catalytic case (except that there are now reforming
reactions occurring as well), where the chemical reactions are no longer the rate limit-
ing step. Also, the GRI mechanism does not consume oxygen as fast as the catalytic
mechanism, since the oxygen partial pressure after the ignition remains around 1000
Pa, even though we have assumed that the stream is completely mixed. The results
confirm that the oxygen permeation flux is significantly faster than the reaction can
accommodate for a large part of the reactor volume, and thus there is little point to
designing for a reactive ITM without the aid of catalysts since it leads to at least
double the reactor volume required for the same inlet conditions, e.g., see [40].
2.6 Oxygen Separation Penalty or Metric
Since the ITM represents an alternative air separation technology, it is necessary to
compare the specific work requirements with more conventional methods such as a
cryogenic ASU. However, assessing the operational penalties on a fair basis is not al-
ways straight-forward. Neverthless, the dominant penalty associated with using the
ITM is the viscous pressure drop that must be made up by a high-temperature blower,
or by a compressor. Additional losses arise due to heat exchange irreversibilties, i.e.,
a finite temperature difference degrades the exergetic value of thermal energy as it is
transferred from the sweep gas to the feed air stream. Finally, the use of a reactive
ITM as a primary or even secondary combustor has a significant impact on the power
cycle first law efficiency because of inherent 2nd Law-operating temperature limita-
tions, and thus the penalty associated just with the oxygen separation process cannot
easily be determined. Thus, the challenge is to determine a fair oxygen separation
figure of merit that can be used to assess the impact of utilizing ITM technology in
a power cycle.
The Second Law of Thermodynamics always imposes a maximum or ideal limit
on the performance of any thermodynamic system. Further, the relationship between
the ideal performance and the actual performance can be demonstrated by the Work
Lost Theorem [10]. Loss of availability is due to entropy generation which depends
on the specific changes of state in the working fluid, i.e., path-dependent, as well
as the entropy transfer interactions, i.e., the particular set of components used in a
system [25]. The Work Lost Theorem states that entropy generation inside the system
must ultimately be transferred out of the system at the environmental temperature,
thus reducing the potential for developing work by the product of the environmental
temperature and the total entropy generation.
2.6.1 Ideal vs. Actual Thermodynamic Performance
In contrast to a cryogenic air separation unit that requires a theoretical minimum of
190 kJ/kg 02 to completely air into 02 and N2 (to undo the entropy of mixing for an
ideal gas), the ITM, in theory, could provide work as oxygen crosses the membrane
and mixes with the sweep gas or reacts. The membrane, in the absence of cracks, only
allows oxygen to pass through, and thus any difference in oxygen chemical potential
across the membrane results in mass transfer. That is, if the feed and permeate
stream equilibrate via spontaneous mass transfer, then this means that useful work
could have been extracted as the two streams ran down to equilibrium (e.g., with the
use of fuel cell instead of mixed-conducting membranes). This important difference
between cryogenic systems is the motivation for utilizing ITM technology.
In practice, the thermodynamic losses mentioned earlier conspire to ensure that
the actual work is indeed required (not provided). This is especially true because the
proposed separation units do not have the required hardware to harness the potential
work transfer as the oxygen from the feed stream as it mixes with the permeate stream.
Thus, for the sake of estimating the combined impact of all three major sources of
exergy destruction (pressure drop, thermal equilibration, mixing), we can determine
the penalty by calculating the overall entropy generation (we calculate the pressure
drop explicitly) and use the Work Lost Theorem. The "lost work" is essentially the
work that could have been obtained during the thermo-chemical conversion of fuel
exergy to electrical work in a power cycle.
2.6.2 Importance of System-Wide Performance Evaluation
This definition of the thermodynamic penalty is satisfactory for separation-only ITMs,
but is problematic for reactive ITMs. The dominant source of entropy generation
when combustion is occurring in the ITM is the conversion of chemical to thermal
energy that results in a substantial loss in availability. Thus, we cannot use this
method to determine the penalty, because it unfairly ascribes entropy generation
from conversion of a high-grade energy source (chemical bond energy) to relatively
low temperature thermal energy to the oxygen separation process. We could, in
principle, compare the overall work lost of two similar power cycles, one using a
reactive ITM and one with a separation-only ITM feeding an external combustor,
where the difference in lost work appears to be more fairly assigned. However, this
again inaccurately ascribes part of the energy conversion irreversibility to the oxygen
separation process, and thus reactive ITMs simply cannot be evaluated in isolation.
Overall, the determination of which system (reactive, separation-only, or cryogenic
ASU) is thermodynamically superior must be evaluated by the efficiency of the entire
power cycle for a variety of operating conditions. That being said, we can still use
the lost work theorem to compare penalties for different operating conditions for var-
ious separation-only ITM designs and operating conditions. Further, we can roughly
compare reactive vs. separation ITMs via their respective pressure drops and size
required to oxidize all the fuel or separate an equivalent amount of oxygen for an ex-
ternal combustor. This at least establishes the necessary condition that the pressure
drop and/or reactor size be significantly lower for the reactive ITM, otherwise the
separation-only ITMs are superior without the need to evaluate overall cycle perfor-
mance for each case, since the reactive ITM already has a significant lower theoretical
maximum power cycle efficiency [40].
2.7 Thermodynamic and Transport Properties
Both thermodynamic and transport properties sub-models are required to evaluate
the conservation and transport laws. Due to the relatively high temperature and low
pressure expected of ITM operation, the ideal gas constitutive relation is used for all
species. Thermodynamic properties such as the molar enthalpy, partial molar entropy
and specific heat at constant pressure are evaluated for each chemical species, j, using
the fifth-order NASA polynomials [45].
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Transport properties (e.g., viscosity or thermal conductivity) are assumed to be
constant within the reactor (e.g., not a function of position), evaluated at appropriate
average temperature, pressure and composition based on the inlet conditions of each
side to avoid additional computational expense. Essentially, the assumption is that
transport properties could vary significantly between simulations (e.g., a sweep gas
consisting of all CO 2 vs. all H2 0), but not within a given simulation. The temperature
at which the transport properties is evaluated is determined by the average of the
inlets for separation-only ITMs, or by the average of the inlets and the maximum
temperature expected for reactive ITMs. The narrow operating temperature range of
the ITM, the need to avoid large pressure drops for practical considerations, and the
high level of dilution when a chemical reaction is present all support this assumption.
Reasonably accurate transport properties such as the diffusion coefficient, viscos-
ity and thermal conductivity are required in order to use heat and mass transport
correlations. High accuracy is not required here because the heat and mass trans-
fer correlations themselves are typically no better than within 10% [46]. GASMIX
[48] is used to determine binary diffusion coefficients, pure component viscosities and
thermal conductivities based on the Chapman-Enskog kinetic theory as a function
of temperature at a reference pressure of 10 bar. Simple second-order polynomial
curve fits are used to represent the dependence on temperature, while the viscosity
and thermal conductivity are assumed to be relatively insensitive to pressure in the
expected operational range of the ITM.
The effective diffusion coefficient is required for the overall transport of oxygen
from one stream to the other, as well as the transport of methane to the membrane
surface. In general, the diffusion coefficient depends on the temperature, pressure and
also the composition. A weighing scheme recommended in [47] is used to estimate
the effective diffusion coefficient assuming a dilute mixture as an alternative to the
complex Stefan-Maxwell equations. In the following expressions, Dj is the binary
diffusion coefficient of a key species such as 02 or CH 4 in one of the other species
present, e.g., N2 or C0 2, and Dim represents the effective diffusion coefficient, e.g.,
02 in the mixture of all other species present:
Dij = f (T) , Dim ~:: nI X , x <<1
\ Pj= 2 (xj/Dij) x
Wilke's mixture rule is used to calculate the mixture thermal conductivity and
viscosity based on the pure component constituents obtained from GASMIX:
n x jpj ( k 1+ (ptj/ik)1/2 (Mk/Mj)1 /4 2pmix = E ,I kmix - E , jk =/j=1 Zk=1 xk~jk j=1 k=1 xk(jk V8 [1 + (Mi/Mk)]i 2
2.8 Numerical Implementation
The equation-oriented approach is used to model and solve the system of non-linear
equations with JACOBIAN, a general modeling and simulation program [2]. The sys-
tem consists of highly coupled, non-linear equations. Due to the discretization method
required for boundary value problems, the resulting system consisted of over 100,000
equations and unknowns in some simulations. Good presets are critical for equation-
oriented approaches using Newton or quasi-Newton methods [30]. The bottom-up
modeling approach is used, where simpler sub-models are created and tested inde-
pendently first before integration with each other.
For example, the highly non-linear and poorly-scaled thermodynamic equilibrium
sub-model was modified to facilitate convergence, and then tested against commercial
programs such as ASPEN Plus TM. Specifically, a simple model containing only the
equilibrium equations, the First Law, and an assumed constant oxygen flux and heat
transfer is used to generate the initial guesses for the complete ITM model. Continu-
ation methods are employed to transition between separation-only and reactive ITM
simulations. Essentially, the separation-only system of equations is first solved by
the program, and then the reactive ITM equations are implemented gradually using
the more robust integrator algorithms, stepping slowly and under control from one
set of presets to a new solution. For example, if G (x) represents the separation-only
counter-current ITM system of equations, and F (i) represents the reactive counter-
current ITM, then continuation can be represented by the following statement, where
the independent variable used by the integrator is #:
F (x) + (1 - 4) G (5) = 0, 4c[0, 1]
"Hard" "Easy"
Logical functions, such as "If-Then-Else", are useful modeling tools because they
can be used to change a particular set of equations depending on the prevalent con-
ditions at a given point in the reactor. For example, when the fuel has nearly been
completely consumed, the species balance equations should reflect this in order to pre-
vent negative molar flow-rates. Other instances include the "capping" of a particular
state variable when it becomes problematically small. For example, the equilibrium
concentration of methane drops significantly as oxygen enters the permeate stream,
spanning over 10 orders of magnitude from the inlet condition. These extremely
large changes in state variables cause a variety of numerical convergence problems,
and also lead to considerably longer simulation time. This problem is solved with a
logical statement that essentially assigns a methane flow-rate a value that is small
enough to be physically accurate (i.e., no significant influence on the results), but not
so small as to cause numerical issues.
The use of "If-Then-Else" statements is not advantageous because of the dis-
cretization method, and so an alternative approximation is implemented instead. The
generalized logistical function is used to approximate the logical switching between
two sets of equations in a continuous manner, using a single equation. In the logis-
tical function, A represents the lower asymptote (in our case zero), K is the upper
asymptote (in our case one), T is the parameter used to determine the conditional
statement, and the remaining parameters are adjusted according to the specifics of
the model:
K-A
[1 + Qe-B(r-M) 1/v
Thus, depending on the value of r, Y(T) will switch continuously (but relatively
quickly) between zero and one, and so it can be used to represent "If-Then-Else"
conditional statements efficiently. For example, if we want the model to calculate the
outlet composition of a given volume element for two hypothetical situations, namely
complete combustion or thermodynamic equilibrium depending on the incoming oxy-
gen relative to the fuel:
no 2,i+1 = Y (no 2 ,) x [no 2 ,i+1,"complete"] ± (1 - Y (no2,i)) x [no 2 ,i+1,"Equilibrium"
Chapter 3
ITM Simulation and Analysis
In order to understand how an ITM reactor depends on the operating conditions and
flow configuration, simulations are performed for reactive vs. separation-only and co-
current vs. counter current ITMs for two distinct cases. The results of all simulations
are presented first, followed by detailed explanation of important state variables and
their axially-distributed profiles. The first case represents a design problem, where
the oxygen separation requirements of the ITM reactor are specified, and then the
reactor is designed to meet them. In order to capture the scale of a large power plant,
the requirements are to either oxidize one kmol/s of methane in a reactive ITM, or
separate sufficient oxygen for an external combustor to oxidize the same amount of
methane. These specifications would produce power in the range of 300-500 MWe
depending on the cycle First Law efficiency.
The second case, a "rating" problem, compares co-current and counter-current
separation-only ITM reactors with identical inlet temperatures, pressures, and flow-
rates. In contrast, the first case allows for the approximate comparison of penalty for
a given amount of oxygen required via the pressure drop, whereas the second case
illustrates the importance of flow configuration and distributed profiles of key state
variables such as temperature. The ITM reactor size and geometric structure are fixed
for all simulations, allowing for comparison on an equal economic basis. That is, ITMs
with the same size and geometric structure require the same amount of membrane
material, and also will have identical manufacturing cost. This allows for a rough
comparison of oxygen separation vs. capital cost for different ITM configurations.
The ITM monolith reactor volume is 1,000m 3 or with 100,000 total square channels
(50,000 per stream), each with a channel width of 1.5 cm, resulting in 266,700m 2 of
surface area and an overall reactor height of 4.75m and length of 44.44m, roughly the
size of a typical heat recovery steam generator in large power plants [12]. Restricted
equilibrium is assumed for simplicity (the effects of this assumption are explored
later), and because it provides upper-bound estimates on the wall temperature and
reactive ITM performance in general.
Finally, this chapter expands on the analysis of the base case results by examining
the impact of key operating conditions, ITM geometry, as well as the influence of the
physical processes themselves. The results of this chapter can be used to help guide
the integration of an ITM separator or reactor with a power cycle, as well as fix the
bounds for optimization variables by eliminating obviously poor operating regimes.
Specifically, the results demonstrate that there are many degrees of freedom available
to obtain a specified oxygen flow-rate, each of which have a different impact on the
performance and cost of the ITM.
Additionally, some assumptions of the model are tested and explored, namely the
dominant fuel oxidation kinetic mechanism, the impact of additional mass transfer
resistances on the overall flux, the impact of reductions in the effective activation
energy of the material itself, and the relationship between geometry, heat transfer
and performance. Unless otherwise noted, the base case fixed flow-rate conditions
are used for separation-only comparisons (rating problem), while the base case fixed
oxygen separation conditions are used for reactive ITM analysis (design problem).
Additionally, the LSCF oxygen permeation mechanism is used for all results shown
in this chapter, while the LNO oxygen flux mechanism is explored later. Finally, it
should be noted that these parametric analyses do not obviate the need for multi-
variable optimization studies. That is, changing one or two variables at a time while
keeping the rest constant can provide extremely useful information about the overall
performance, but if the best performance is desired, all degrees of freedom must be
available simultaneously.
3.1 Summary of Results
Table 3.1 gives the inlet conditions for the first case study where an oxygen require-
ment of 2.5 kmol/s is specified, slightly more than required for complete oxidation
of 1 kmol/s of methane since most conventional combustors run slightly lean, and to
avoid bulk convective transport limitations. The inlet temperature of the feed stream
is set to the lower bound of ITM operating temperature, whereas the permeate or
sweep stream is set to the upper bound. This assumption is made based on power
cycle concepts such as the AZEP [13], where the permeate or sweep stream comes
from an oxy-combustor, and the feed stream originates from ambient conditions, and
thus is typically minimally preheated. This last point is not necessarily always the
case, and thus the effect of preheating both the feed and the permeate is addressed
later. It should be noted that for a fixed thermal input, or "heat rate", prescribing
a minimum inlet temperature results in a minimum flow-rate through the reactive
ITM, and hence pressure drop is also a minimum.
Table 3.1: Inlet and Operating Conditions:
Parameter
Permeate Tin [K]
Feed Tin [K]
Feed no 2 ,in [kmol/s]
Feed nN2 ,in [kmol/s]
Feed nH2 0,in [kmol/s]
Permeate lCH4 ,in [kmol/s]
Permeate nCo 2 ,in [kmol/s]
Permeate nH2O,in [kmol/s]
Feed Ptot [bar]
Permeate Pot [bar]
Separation-Only
Co-Current
1173
973
10.18
38.28
1.00
0
24.68
2468
10
10
Fixed Total Oxygen Separation
Separation-Only Reactive
Counter-Current Co-Current
1173 973
973 973
3.30 12.00
12.41 45.12
1.00 10.00
0 1
8.34 10.00
8.34 10.00
10 10
10 10
The two separation-only ITM reactors have identical ratios of permeate to feed
molar flow-rates (the sweep ratio), but are the magnitude of the flowrates are modified
to obtain the specified oxygen separation (see Table 3.1). The reactive ITM however
does not have the same ratio of permeate to feed flow-rates for two reasons. First, the
permeate stream has an upper-bound on diluent flow-rate because the inlet methane
concentration should not fall below roughly 5% for mass transfer and combustion
stability reasons (explored in detail later). Second, the extremely narrow operating
temperature range of the ITM (~ 200K) dictates a large amount of diluent for a fixed
thermal energy input, and so the feed stream flow-rate must be increased relative to
the separation-only ITMs.
Table 3.2: Base Case Results: Fixed Total Oxygen Separation
State Separation-Only Separation-Only Reactive
Variable Co-Current Counter-Current Co-Current
02 Separated [kmol/s] 2.5 2.5 2.5
Avg. Flux [mol/m 2 /s] 0.0187 0.0187 0.0187
Avg. Tmemb [K] 1091 1157 1071
Avg. P' 2 - P'/ [bar] 1.434 0.636 1.465
Avg. P'0- - P"0- [Pa05 ] 258.3 102.3 354.3
Feed AP [bar] 1.670 0.228 2.878
Permeate AP [bar] 1.99 0.318 0.384
Feed Tout [K] 1092 1173 1199
Permeate Tout [K] 1092 1047 1210
Recovery Ratio (%) 25.8 74.9 22.2
Work Lost [kWh/Metric Ton 02] 237.8 30.1 N/A
Table 3.2 gives the results of the design case study for three of the four simulations,
omitting the counter-current reactive ITM. The reactive counter-current ITM tem-
perature profiles cannot effectively be controlled, and full details are provided in the
following section. As explained previously in Part I [39], the oxygen flux is a strong
function of the local membrane temperature, and so the average membrane temper-
ature is given for each simulation. Interestingly, the counter-current separation-only
ITM has the highest average temperature due to the well-balanced heat exchange
between the streams. The reactive co-current ITM has the lowest average wall tem-
perature because of the nature of the combustion process and the narrow temperature
operating constraints. That is, to maintain the temperature below the failure point of
roughly 900 - 950'C, the diluent flow-rate must be high, and since the oxygen enters
the reactive stream slowly, the temperature rises gradually from the inlet condition
to the maximum temperature-in contrast to the separation-only ITMs. As will be
shown, the temperature profiles are quite important, and careful selection of the inlet
conditions could lead to large improvements in ITM performance.
The pressure drop is one of the most important results from an ITM simulation
because it represents the primary (practical) thermodynamic penalty associated with
ITM oxygen separation. The counter-current separation-only ITM has the lowest
pressure drop by a large margin, mainly because of the high average wall temperature,
but also because of the oxygen partial pressure profiles that requires much lower flow-
rates. The average difference in oxygen partial pressure can be used to estimate
the potential for chemical expansion stress failure, and the average partial pressure
driving force indicates how effective a particular ITM design is at maintaining a low
permeate partial pressure. The counter-current ITM appears to be least likely to
exhibit chemical expansion failure, i.e., material fracture due to expansion stresses,
whereas the reactive co-current ITM displays the highest partial pressure gradients
and thus would be most likely to fail.
Interestingly, the counter-current has the lowest average partial pressure driving
force, but an analogy to heat exchangers explains this apparent contradiction. Es-
sentially, having a fixed oxygen separation is equivalent to having a fixed heat duty.
Usually, the heat transfer coefficient and area are identical for these sorts of compar-
isons, but here, the overall mass transfer coefficient (essentially the flux) is a much
stronger function of the local flow properties than in typical heat exchangers. That
is, the overall mass transfer coefficient depends both on the average wall temperature
and average partial pressure driving force. Thus, since the average wall tempera-
ture is higher, the average partial pressure driving force must be much lower to get
the same average flux. Another explanation can be obtained from an analogy to
the effectiveness-NTU method of heat exchanger design. For the same effectiveness,
counter-current requires a lower NTU, implying that for the same NTU, the counter-
current will have a higher effectiveness. These considerations are important for both
the optimization of flow conditions, and also to mitigate the potential for material
failure due to large partial pressure gradients.
The recovery ratio indicates how much of the inlet oxygen is separated, and could
be used as an assessment of "effectiveness" as in heat exchanger design. Finally, the
Table 3.3: Inlet and Operating Conditions: Fixed Flow Conditions, Separation-Only
Parameter
Permeate Tin [K]
Feed Tin [K]
Feed no2,,in [kmol/s]
Feed nN2 ,in [kmol/s]
Feed n1H2 0,in [kmol/s]
Permeate ncH4 ,in [kmol/s]
Permeate nco 2 ,in [kmol/s]
Permeate nH20,in [kmol/s]
Feed Ptot [bar]
Permeate Ptot [bar]
Separation-Only
Co-Current
1173
973
4.00
15.04
1.00
0
10.00
10.00
10
10
Separation-Only
Counter-Current
1173
973
4.00
15.04
1.00
0
10.00
10.00
10
10
work lost per metric ton of oxygen (1,000 kg) indicates the penalty paid to separate
the oxygen, primarily due to viscous pressure losses, but also due to heat transfer
across a finite temperature gradient and stream mixing. If the pressure drop is low
and the hot and cold streams are thermally well-matched, the entropy generation is
also low and thus the ITM-power cycle performance is high. Later, we explore the
effects of changing key parameters such as the inlet streams temperature and pressure
on the lost work.
Table 3.4: Base Case Results: Fixed Flow Conditions, Separation-Only
State Variable
02 Separated [kmol/s]
Avg. Flux [mol/m 2/sj
Avg. Tmemb [K]
Avg. P'02 - P's [bar]
Avg. P'0 - P" [Pa0.5]
Feed AP [bar]
Permeate AP [bar]
Feed Tont[K]
Permeate Tonut[K]
Recovery Ratio (%)
Work Lost [kWh/Metric Ton 021
Co-Current
1.692
0.0126
1091
1.03
175.3
0.302
0.389
1091
1091
42.1
63.9
Table 3.3 gives the inlet conditions for the fixed
separation-only co-current and counter-current ITMs,
Counter-Current
2.837
0.0212
1156
0.728
116.8
0.318
0.436
1173
1047
70.6
36.8
flow-rate comparison between
and Table 3.4 displays the re-
sults. This "rating" comparison focuses on the advantages of counter-current over co-
current flow, where the flow-rates, inlet temperatures and ITM size are identical. The
results confirm that counter-current is overwhelmingly better than co-current, sepa-
rating significantly more oxygen for approximately the same pressure drop. Again,
the average wall temperature and inherent advantages of counter-current flow are the
major reasons for such a superior performance, but other aspects such as the sweep
ratio, reactor volume vs. recovery ratio, and the feed inlet temperature and pres-
sure will be investigated in the upcoming sections with parametric analyses. Table
3.5 provides a concise summary of all four combinations of flow configuration and
reaction vs. separation operation addressed in the following sections in detail.
Table 3.5: Summary of ITM Flow Configuration and Operational Mode Characteris-
tics
Performance Separation-Only Separation-Only Reactive Reactive
Aspect Co-Current Counter-Current Co-Current Counter-Current
Partial Pressure Driving Force Low Medium High High
Pressure Drop Medium Low High High
Thermal Matching Poor Excellent N/A N/A
Avg. Membrane Temperature Medium High Low Medium
Preheating Required High High Moderate Moderate
Potential Cracking Medium Low High High
Potential Overheating N/A N/A Medium Extreme
Potential Fouling/Degradation Low Low High High
Overall Merit Low High Medium Low
3.2 Separation-Only Mode
A separation-only ITM represents the simplest CCS application, and the goal is to
separate a fixed amount of oxygen for a minimal pressure drop and/or reactor size. All
figures shown in this section are for a fixed ITM size, fixed oxygen separation case, and
the flow-rates are varied (keeping the sweep ratio the same) to obtain identical oxygen
separation. Figure 3-1 shows the oxygen flux and partial pressure profiles for the co-
current configuration. The results indicate that the flux drops significantly as the
partial pressure of oxygen on the permeate side increases due to the high sensitivity
to the permeate partial pressures at large ratios of feed to permeate partial pressures.
Since the flux is relatively high at first and then drops along the reactor coordinate,
this suggests a trade-off between oxygen separation and reactor size, because the
pressure drop increases linearly while the oxygen separated increases quickly at first,
and then levels off with increasing reactor size. Finally, since the feed partial pressure
does not drop much, this implies a relatively low recovery ratio, meaning that this
particular ITM configuration is not very effective at separating oxygen.
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Figure 3-1: Co-Current Separation-Only: Axial Dependence of Oxygen Flux and
Partial Pressure
Counter-current configurations have many inherent advantages over co-current
ones, and the oxygen flux and partial pressure profiles shown in Figure 3-2 display
them. First, we see that the flux profile has a significantly different shape, but since
these conditions are for fixed oxygen separation comparison, the area under the curve
is the same as the co-current case. Examination of the partial pressure profile reveals
that the partial pressure difference is essentially constant along the reactor length,
indicating good material stability potential by minimizing chemical expansion stress.
Another thing to note is that the oxygen mole fraction of the feed stream drops by
75%, indicating a high recovery ratio, and an effective ITM configuration. Further,
the more sensitive region where the permeate partial pressure is low coincides with the
region where the feed partial pressure is low, which appears to be a better match-up
than the co-current case, where the high feed matches up with the low permeate.
The temperature profiles of each flow configuration, shown in Figure 3-3, reveal
many important aspects of ITM reactor engineering. The co-current case displays
a quickly equilibrated profile, and the reactor is essentially uniform temperature at
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Figure 3-2: Counter-current Separation-Only: Axial Dependence of Oxygen Flux and
Partial Pressure
the thermodynamic average of the two stream inlet conditions because the flow heat
capacitance ratio is close to unity. The counter-current case shows a much higher
average wall temperature due to the nature of the counter-current heat exchange pro-
cess. The wall temperature will be closer to the stream with the higher heat capacity
on average, but the heat transfer coefficient is important too. The results suggest a
complex relationship between required preheating, flow-rates, wall temperature, and
flux that must be simultaneously optimized in a power cycle.
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Figure 3-3: Separation-Only: Impact of Flow Orientation on Temperature Profiles
Other fluid dynamic considerations such as the velocity and total pressure profiles
need to be considered for structural reasons. The velocity profiles should be monitored
to ensure that they are not excessive, otherwise mechanical or acoustic stability could
be an issue. The total pressure profiles indicate that even slight flow imbalances lead
to large total pressure gradients across the membrane. For example, the total pressure
difference is nearly 0.5 bar at the exit of the co-current reactor, which may be excessive
depending on the thickness of the membrane and porous supporting structure. It
should be noted that for the counter-current case, total pressure differences across
the membrane arise even for perfectly balanced flow, simply because the inlet of one
stream is across from the exit of another. This implies counter-current ITMs may
have additional constraints that co-current ITMs can circumvent, i.e., flow imbalance-
induced transverse pressure gradients.
3.3 Reactive Mode
A reactive ITM combines the separation of oxygen from air and oxidation (or re-
forming) of a fuel with the intent of reducing the overall ITM size and pressure drop
compared to separation-only applications. Simply put, if a chemical reaction is con-
suming oxygen on the permeate side, the difference in chemical potential is higher
than if there were no reaction occurring. If the fuel oxidation kinetics are significantly
faster than the rate at which oxygen can be supplied, then the permeate oxygen par-
tial pressure is essentially zero-significantly enhancing the oxygen flux, provided that
high local membrane temperatures can be maintained without material failure.
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Figure 3-4: Co-Current Reactive-Temperature and Composition Profiles
Figure 3-4 shows the temperature and composition profiles for the reactive co-
current ITM, where restricted equilibrium fuel oxidation and the "hot-wall" schemes
are used [39]. Further, it should be noted that although the "hot-wall" temperature
profile is shown, the cold wall temperature was used in the oxygen flux constitutive
relation in order to avoid excessive extrapolation and unrealistic results. Since we
have assumed that fuel oxidation is dominated by heterogeneous kinetics, the "hot-
wall" membrane temperature represents the upper bound, and thus can be used as a
operational constraint.
The membrane temperature rises slowly at first due to slow oxygen transport
and thus gradual chemical to thermal conversion of the fuel. The permeate and feed
stream remain relatively close to the membrane temperature in this region because
the convective heat transfer coefficient is high enough to accommodate the local heat
release without a noticeable temperature difference. However, as the temperature
rises, the Arrhenius term in the flux constitutive relation increases rapidly, and the
chemical reactions accelerate. Thus, the local membrane temperature begins to in-
crease faster than both the permeate and feed bulk temperature as the fuel is rapidly
consumed, peaking at 100 K higher than the maximum allowable before decreasing
back down to the equilibrium temperature. The feed temperature lags more because
it has a significantly higher flow-rate, and thus heat capacity. The composition pro-
file clearly shows the point where the fuel is consumed, as the oxygen mole-fraction
begins to increase from zero precisely as the methane mole-fraction vanishes. This is
consistent with unrestricted thermodynamic equilibrium as well (not used in Figure
3-4), namely that no fuel is present (in significant amounts) as long as there is fuel
present, and the kinetics are sufficiently fast.
The implications of these results are that the local heat transfer coefficient is quite
important because it dictates how much additional diluent is required, or equiva-
lently, how much smaller the reactor channels must be to accommodate the localized
excessive temperature. This in turn would lead to higher pressure drops, and also
outlet temperatures slightly lower than the maximum allowable. That is, unless local
cooling can be provided precisely at the location where the membrane temperature
overshoots, the heat transfer coefficient must be increased. However, it should be
noted the method of evaluating the membrane temperature here is the conservative
one, i.e., the hottest one. That is, if only the transverse heat convection is sufficient
to maintain the wall temperature within limits, then the reactor is likely to meet this
criterion easily when the effects of transverse radiative heat transfer are present. A
parametric analysis is performed later to investigate the impact of the heat trans-
fer coefficient on the membrane temperature to assess the potential reduction of the
overshoot due to transverse radiative heat transfer.
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Figure 3-5: Co-Current Reactive-Flux and Partial Pressure Profiles
The relationship between the improved partial pressure driving force, the local
temperature and the flux is completed with Figure 3-5. Despite the largest partial
pressure differences relative to all other ITM simulations, the flux remains relatively
low until the end of the reactor. This long induction time is a direct consequence of a
dominant oxygen flux dependence on temperature than on partial pressure differences,
and has serious implications for the feasibility of a reactive ITM. Further, the sudden
acceleration of the oxygen flux as the temperature increases in a region of high partial
pressure difference is the primary cause of the temperature overshoot, and could also
have implications for materials stability. Finally, as soon as the reaction ceases and
the fuel is completely consumed, the oxygen rapidly begins to buildup on the permeate
side and the flux plummets. This, if anything else, shows that the reactive ITM has
tremendous potential, but only if the temperature can be maintained at a high value-a
seemingly incompatible requirement due to the exothermic chemical reactions.
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Figure 3-6: Counter-Current Reactive-Temperature and Flux Profiles
The reactive counter-current ITM simulation results show that the localized heat-
ing problem is made worse by the counter-current flow configuration. The oxygen
flux profile, shown in Figure 3-6, is similar to the reactive co-current case, but more
dramatic due to the extremely high local temperatures near the inlet. In essence,
the excellent heat transfer and high wall temperature shown in the separation-only
counter-current case seems to cause the demise of the reactive counter-current ITM.
Permeate entering with the fuel is essentially preheated as the fuel is also consumed,
leading to extremely high local membrane temperatures due to the high local flux.
Essentially, the permeate stream is much closer to the adiabatic flame temperature of
the permeate flow only, in contrast to the co-current configuration where the perme-
ate approaches the flame temperature of both streams mixed. As the products leave
the hot reaction zone, the efficient heat transfer process preheats the feed going the
opposite direction towards the permeate inlet, causing the aforementioned preheating
effect.
Thus, for the same diluent flow-rates, the reactive counter-current ITM seems to
have unacceptable localized heating that cannot practically be solved by increasing
either of the flow-rates without extremely large pressure losses. Finally, it should
be noted that the flow direction does not influence the main advantage of the ITM
reactor, namely the large partial pressure driving force. That is, the permeate partial
pressure is maintained at zero regardless of whether the ITM is co-current or counter-
current, assuming that oxygen transport is overwhelimingly the rate limiting step [39].
The heat transfer analogy is a single stream heat exchanger, where one of the driving
potentials does not change, and so the flow direction is irrelevant. In other words,
even if we did not have the localized heating problem, the benefit of having a reaction
occurring to keep the permeate partial pressure low would likely show up equally for
both co-current and counter-current ITMs. However, in this over-simplified analogy,
the effect of temperature (significant) is ignored.
Finally, it is instructive to examine all flux profiles simultaneously to visualize the
interaction between key variables such as temperature and partial pressure, and flux.
Figure 3-7 shows the fixed oxygen separation and fixed flow conditions cases. The area
under the curve is identical for all three flux profiles shown in Figure 3-7a, as it should
be since the ITM size is identical for all three cases and the oxygen separation is fixed.
The interesting thing to note is how long it takes the reactive ITM to progress, i.e.,
the impact of a sluggish increase in temperature due to the (required) large diluent
flow-rate can clearly be visualized, especially when compared to the separation-only
cases. In contrast, the fixed flow-rate conditions for the separation-only ITMs show,
as expected, that the average flux for the counter-current case is much higher than
the co-current case.
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3.4 Assessment of Reactive vs. Separation-Only
Performance
The previous results display many potential serious engineering problems with a re-
active ITM, in addition to inferior oxygen separation performance relative to the
counter-current separation-only ITM. The physics of oxygen separation in mixed-
conducing ceramic materials, particularly the temperature dependence, and the dis-
tributed state variable profiles obtained make the case in favor of reactive ITMs
difficult to support.
To reiterate, at temperatures lower than ~ 1050 K, the surface exchange reac-
tions are by far the rate limiting step, and thus the magnitude of the partial pressure
difference is almost insignificant because the absolute value of the flux is quite small
compared to high temperature operation. Since the temperature profiles of the re-
active ITM span this low temperature region for most of the reactor volume, the
advantages of maintaining a low permeate partial pressure are essentially lost.
Experimental results often report significantly higher oxygen flux in the presence of
a chemical reaction, but at a particular local (high) temperature, and with an implicit
comparison to a relatively high permeate partial pressure for a nonreactive case. Only
when the overall system is considered, i.e., how the oxy-combustion process would
occur in a power plant-sized actual reactor, do the problems become clear. Later,
we suggest opportunities to improve the reactive ITM performance through careful
engineering of the materials themselves, as well as intricately designed and optimized
reactor networks.
The main thrust of the argument in favor of counter-current separation-only ITMs
is the comparison of pressure drops for a fixed size and oxygen separation. Essentially,
the reactive ITM does not perform better than the counter-current separation-only
ITM, despite the enhanced partial pressure driving force. Counter-current separation-
only ITMs meet the same specifications as the reactive ITM, but with a significantly
lower pressure drop. The actual values of the pressure drop for each case are somewhat
misleading, because the penalty is nonlinear in pressure drop. Further, a relatively
low pressure drop could likely be overcome with a blower, whereas a high pressure
drop likely can only be made up by the compressor.
A major disadvantage of implementing a reactive ITM is the low thermodynamic
average temperature of heat addition to a power cycle. That is, because the outlet
temperature is constrained to approximately 1175 K, the efficiency of any power cycle
using a reactive ITM as a primary chemical to thermal energy conversion unit will be
substantially lower than a power cycle with a conventional combustor, that operates
in excess of 1775 K. The difference in availability between hot combustion products at
the two temperatures mentioned previously is roughly 8%, but the temperature level
could also influence the choice of particular components within the power cycle. That
is, 1175 K is too low to justify the use of a gas turbine, thus efficient combined cycles
appear to be ruled out. Consequently, the actual difference in thermal efficiency
is likely to be even greater, in the range of 10-15%, i.e., the typical performance
difference between supercritical steam cycles and advanced gas turbine combined
cycles [10]. Additionally, the economics may discourage the use of reactive ITMs,
since only clean fuels such as natural gas can be used [13], but these fuels are generally
more expensive and reserved for efficient gas turbine combined cycles operating at
high temperature [34].
Taken together, these arguments imply that in order to be competitive, the reac-
tive ITM must significantly reduce the size (capital cost) and pressure drop (operating
costs) compared to the counter-current separation-only ITM. Large-scale ITMs for
oxygen separation already have significant engineering challenges to overcome, and
the use of a reactive sweep gas only exacerbate existing problems. Thus, the use of the
ITM as an oxy-combustor a practically viable option only if evidence suggested over-
whelmingly superior performance compared to separation-only units, which clearly
has not been demonstrated herein, and in the literature.
There are many additional drawbacks revealed by the simulations herein that fur-
ther discourage the utilization of reactive ITMs. First, the temperature overshoot
displayed previously dictates the use of even more diluent, resulting in higher pres-
sure drops, and lower thermodynamic average temperatures of heat addition. Next,
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counter-current separation-only ITM partial pressure profiles show significantly lower
oxygen partial pressure gradients for the same flux as a reactive ITM, indicating less
chemical expansion stress, and thus less of a chance of cracking or structural fail-
ure. Further, the long-term stability of MCM material under reducing conditions is
significantly more uncertain than separation-only ITM applications, as only a hand-
ful of studies have done experiments lasting longer than 24 hours. In contrast, the
small to medium-scale units fabricated and tested by Praxair and Air Products have
been claimed to operate for thousands of hours without major problems [7]. Also,
the presence of chemical reactions may even dictate the use of lower performing (but
more stable) materials such as LSGF-BSGF, which according to [22], has a maximum
oxygen flux two orders of magnitude lower than BSCF, the leading separation-only
material. That is, our results have provided the best case scenario for reactive ITM
flux by granting the use of higher-performing separation-only membrane materials,
and still the overall performance of the reactive ITM is inferior.
The ratio of feed to permeate flow-rate can be optimized for a separation-only
ITM, whereas the reactive ITM flow-rates and flow ratio are essentially fixed as soon
as the fuel flow-rate is chosen for two reasons. First, a minimum diluent per fuel ox-
idized is required to meet operational temperature requirements, thus fixing a lower
bound. Second, excessive permeate flow-rates also could lead to fuel transport-limited
reactions that would defeat the purpose of a reactive ITM. The sweep ratio is also
important for material stability, where the concentration of CO 2 may have to be ad-
justed to avoid harmful carbonate formation [13]. Thus, if the particular material is
extremely sensitive to C0 2, the separation-only ITM can simply use all steam as a
sweep, whereas the reactive ITM may not be able to meet this constraint. Another
aspect addressed later is the effect of high diluent ratio in the permeate on the trans-
port of methane to the reaction zone. High diluent in the permeate stream could lead
to insufficient methane transport to the membrane surface, and may defeat the point
of maintaining a chemical reaction if the overall oxygen transport rate to reaction
zone is higher than the fuel transport rate.
The type of prevalent fuel oxidation mechanism also could have a negative impact
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on the reactive ITM performance. If the reaction kinetics are fast enough to essentially
give unrestricted equilibrium, then all of the temperature-related problems described
herein become worse. This is due to the reforming reactions occurring near the inlet of
the reactor that lower the local temperature, stalling the oxygen flux, and essentially
doubling the required ITM volume due to the low membrane temperature. Preheating
could be used in a separate reactor to obtain the same inlet conditions as the other
reactive case, where the methane is essentially all reformed into hydrogen and carbon
monoxide. However, due to the extra heat added, and almost paradoxically, more
diluent is required to keep the exit temperature and temperature overshoot under
control.
3.5 Potential Reactive ITM Performance Improve-
ments
Based on the analysis herein, we suggest potential solutions to the reactive ITM
wall temperature-related problems involve both modification of the reactor design,
and modification of the membrane materials. First, if the reactor is designed to
follow a uniform temperature combustion process more closely, then temperature-
related problems could be significantly mitigated. The ITM reactor could be split
into a series of units where the diluent and fuel are added at stages along the reactor
network, rather than all at the inlet. This could result in temperature profiles that
are more uniform, and closer to the maximum operating temperature for more of the
reactor volume, while still maintaining the large oxygen partial pressure driving forces
associated with the reactive operational mode. Further, the pressure drop would be
significantly lower, since only a fraction of the total flow goes through the initial
sections of the ITM reactor. Since pressure losses are proportional to the square of
velocity, a significant reduction in the thermodynamic penalty would follow. Finally,
less sluggish chemical reactions imply a lower residence time, and hence a smaller
reactor.
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A drawback of staged feeding is the significantly more complex reactor design,
increasing the cost and manufacturing difficulty. Further, the safety margin would be
lower for material failure, and an elaborate control strategy must be implemented to
determine the flow-rates of fuel and diluent at each port. A variant of the solution
above could be used if unrestricted equilibrium fuel oxidation kinetics dominate. The
endo-thermicity of the reforming reactions could be utilized as a thermal energy sink
in places along the reactor where the temperature may be too high. Thus, instead
of injecting large amounts of diluent sequentially, methane could be injected instead
to cool localized hot-spots. That is, part of the methane could be reformed and
enter at the inlet, while the remainder is injected strategically to maintain the wall
temperature. Both of these methods require significant experimental and modeling
work, and are outside the scope of this article.
Another potential solution is to engineer the materials themselves and reduce
the activation energy of the electrochemical surface exchange reactions. This would
drastically reduce the long induction time required for the reactive ITM to build
up a sufficient temperature to obtain significant reaction rates. That is, if the low
temperature region flux can be improved, then the partial pressure flux dependence
at lower temperatures becomes more important. This implies that the reactive ITM
should have more of an advantage in terms of volume required and thus pressure
drop. Alternatively, one could manipulate the local heat transfer coefficient such that
the wall temperature remains high even when the bulk temperature is low. Since a
reaction is occurring at or near the surface, the local temperature is determined by
the rate at which the thermal energy released can be carried away into the bulk of
each stream.
The channel width influences many aspects of the ITM performance, specifically
the heat transfer coefficient, the surface area to volume ratio, and the local flow
conditions among others. If a series of ITM reactors could be created such that
the channel width changed in discrete amounts in such a way as to obtain a higher
wall temperature, then the reactor could have the wall temperature characteristics
of an isothermal combustor without the associated enormous diluent flow-rates and
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pressure drop. Specifically, a larger channel width reactor near the inlet would result
in a relatively low heat transfer coefficient, and so even if the reaction rate is small, the
wall temperature could still be significantly high. The potential impact of reduction
in effective activation energy and the effects of variable channel width are explored
in the following sections.
3.6 Effect of Inlet Conditions and Sweep Flow-rate
Ratio
The previous results demonstrate that the average wall temperature has a significant
impact on the performance of an ITM reactor. The feed inlet temperature is an
additional degree of freedom because it represents optional feed preheating prior to
entering the ITM reactor at the expense of high temperature thermal energy from the
combustion products. Thus, by changing the feed inlet temperature while keeping
the permeate inlet temperature fixed, we are exploring the effect of making the ITM
reactor closer to an ideal uniform temperature separation process where the wall
temperature is maintained at the maximum.
The total pressure is another key degree of freedom because it impacts both the
ITM oxygen separation and the power cycle efficiency. The maximum power cycle
pressure is particularly important for gas turbine applications, and so the First Law
efficiency is inextricably tied to the ITM performance. Thus, the recovery ratio, the
percentage of inlet feed oxygen that is separated, is obtained as a function of inlet
feed temperature, and total pressure for each stream for both co- and counter-current
separation-only ITMs.
The results, shown in Figure 3-8, indicate large improvements in the recovery ratio
for both co-current and counter-current configurations as the total inlet pressure of
feed and permeate streams are simultaneously increased. As expected, the co-current
ITM seems to be more sensitive to the feed temperature than the counter-current
ITM because the average wall temperature is already quite close to the maximum for
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Figure 3-8: Recovery Ratio vs. Inlet Temperature and Pressure
the latter case. That is, additional preheating beyond the minimum inlet temperature
would be beneficial for a co-current ITM, but appears to be not worth it for counter-
current flow configurations. Specifically for the counter-current configuration, as long
as the flow is balanced (in the heat transfer sense), then the average wall temperature
is automatically high, without the need for feed preheating.
In contrast, increasing the total pressure appears to be more beneficial for the
counter-current ITM than the co-current. This agrees with the results presented
earlier where the co-current already exhibited a large partial pressure driving force,
and the wall temperature was dominant factor. Finally, we see that for both cases,
increasing both the temperature and the pressure together results in significant di-
minishing returns on the increase in recovery ratio, and thus these figures can be used
for preliminary design guides to determine which variable should be increased given
the basic power cycle type and proposed integration scheme.
Another critical operation parameter is the ratio of the permeate flow-rate to the
feed flow rate, the sweep ratio. The sweep gas, i.e., the permeate stream, removes
oxygen from the surface of the membrane into the bulk and eventually carries it to
an external combustor. Higher permeate flow-rates represent lower local permeate
oxygen partial pressure, thus enhancing the flux. However, an increased permeate
flow-rate may lead to a larger pressure drop, as well as a larger preheating heat duty.
Thus, we expect a trade-off between higher recovery ratios and higher pressure losses
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where an optimal balance considers the size/cost of the ITM reactor in addition to
the First Law efficiency of the power cycle.
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Figure 3-9: Recovery Ratio and Pressure Drop vs. Sweep Ratio
Figure 3-9 shows the recovery ratio for both co- and counter-current separation-
only ITMs and the permeate pressure drop versus the sweep ratio (keeping the perme-
ate flow-rate fixed). As expected, the recovery ratio and the permeate pressure drop
increase with the sweep ratio. The plots can be used to determine roughly where the
diminishing returns on recovery ratio set in since the pressure drop increases steadily
with sweep ratio, while the recovery ratio quickly levels off, especially for the counter-
current case. Further, counter-current ITMs show significant sensitivity to the sweep
ratio for values in the range of 0.5 to 1, indicating that any integration design should
operate with sweep ratios greater than one.
3.7 Effect of Reactor Volume and Channel Width
on Recovery Ratio
Additional degrees of freedom associated with the ITM design include the total vol-
ume and the individual monolith channel width. Modifications to the reactor volume
show similar effects as changing the flow-rates or flow rate ratios. For example, mak-
ing the reactor larger increases the residence time, increasing the oxygen separated
and the pressure drop. However, an increase in ITM size may be too costly, and
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so there may be optimal combinations of reactor size and sweep ratio to obtain a
specified oxygen outlet flow rate. Additionally, modifications to the channel width
directly impacts the surface area to volume ratio as well as the reactor aspect ra-
tio, and significantly changes pressure drop for a fixed number of channels and inlet
flow-rates.
The ITM volume and channel width are varied independently in order to illustrate
the differences between modularity (i.e., increase number of ITM units to obtain a
desired oxygen flowrates) vs. changing the ITM design (i.e., the channel width im-
pacts many other physical processes occurring inside the system). However, optimal
solutions may indicate that changing both simultaneously is most effective. Thus, the
results of this section could be used to determine how modifications that incur larger
economic costs compare to modifications that incur larger thermodynamic penalties.
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Figure 3-10: Recovery Ratio and Pressure Drop vs. Reactor Volume
The recovery ratio and total pressure drop of both feed and permeate vs. reactor
volume are shown in Figure 3-10. An increase in the reactor volume increases the
residence time. The co-current case is far less sensitive to the reactor volume because
the partial pressure profiles essentially "pinch", or meet each other, resulting zero
flux. In contrast, the counter-current is more effective at maintaining the partial
pressure difference along the length of the reactor, and shows extremely large gains
in the recovery ratio up to around 1,000 m3 . Since an increase in the reactor volume
essentially just increases the channel length of the for a fixed aspect ratio, the pressure
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drop increases linearly, in contrast to the case where the sweep ratio or the channel
width is changed.
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The channel width is an important design parameter that influences many perfor-
mance aspects. Specifically, changes in the channel width impact the surface area to
volume ratio, the pressure drop, and the heat transfer between streams. Small chan-
nels offer higher a higher packing density and thus a higher average oxygen flux for a
fixed volume. The results shown in Figure 3-11 indicate that the performance of the
ITM is extremely sensitive to the channel width. For the base conditions presented
earlier, minute decreases in the channel width from 1.5 cm results in huge increases
in the viscous pressure drop. Essentially, as the channel width decreases, the flow
velocity must increase to maintain the same mass flow-rate. Since the number of
channels and the flow-rates are fixed, small changes in an individual channel mean
large changes for the reactor as a whole, since there are 100,000 channels for the
base case. Again, we see significant relationships between reactor design, cost and
performance that are not captured by black-box models.
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3.8 LNO vs. LSCF Oxygen Permeation Mecha-
nisms
Analysis of the oxygen permeation functional dependence presented earlier demon-
strated significant dependence on the partial pressure dependence exponent. LNO has
an effective exponent of n = 0.25 whereas LSCF has a value of n = 0.5. Therefore,
the same simulations done for the base case comparisons using LSCF are performed
with the LNO flux mechanism instead to determine the impact of using a different
material. However, it should be noted that LNO also has a different activation energy
and overall lower oxygen flux than LSCF, so it is less sensitive to temperature (could
be advantageous for reactive ITMs), but does not perform at as well as LSCF. Inlet
conditions given in table 3.1 are used, allowing for direct comparison of the effect of
flux mechanism on the performance.
Table 3.6: Effect of LNO Oxygen Permeation Mechanism
Variable
02 Separated [kmol/s]
Avg. Flux [mol/m 2/s]
Avg. Tmemb [K]
Avg. P' 2 - PO [bar]
Avg. P'o 25 _ p"0o [Pao.25]
Feed AP [bar]
Permeate AP [bar]
Feed Tout [K]
Permeate Tout [K]
Recovery Ratio (%)
Work Lost [kWh/Metric Ton 021
Separation-Only
Co-Current
2.006
0.0151
1091
1.35
8.83
1.690
1.97
1092
1092
19.6
294
Separation-Only
Counter-Current
1.845
0.0138
1156
0.975
4.59
0.236
0.307
1173
1044
55.4
44
Many significant results are obtained from the comparison of the LNO to the
LSCF mechanism. Given identical inlet flow conditions and reactor geometry, the
use of LNO as a membrane material instead of LSCF resulted in a higher perform-
ing reactive ITM and lower performing separation-only ITMs (relative to results for
LSCF, not to each other). Not surprisingly, the oxygen flux mechanism parameters
have a tremendous impact on the ITM performance, and could potentially change
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Reactive
Co-Current
2.983
0.0224
1119
1.52
12.56
2.97
0.421
1206
1206
24.6
the overall assessment of whether to use a reactive ITM or a separation-only ITM.
However, the results indicate that, although the reactive ITM improved, it still does
not surpass the separation-only counter-current ITM. Essentially, the lower effective
activation energy, or simply the temperature dependence, made the LNO ITM less
susceptible to the low temperature developing region near the inlet of a reactive ITM.
Thus, the chemical reactions are able to proceed faster than in the LSCF case, in-
crease the local temperature, and increase the flux. Since this effect is somewhat
"recursive" in the sense that increased chemical reaction rates lead directly through
temperature-dependence to a further increase in the chemical reaction rates, it is not
surprising to see the large improvement.
Further, the relative improvement between membrane materials occurs despite
the fact that the partial pressure exponent of 0.25 and the lower overall flux of LNO
suggest that performance for all cases should be lower. The results herein confirm that
the temperature dependence generally outweighs the partial pressure dependence,
especially for reactive ITMs with regions of relatively low temperature. The next
section investigates the temperature dependence effects only, providing an additional
comparison between reactive and separation-only ITMs.
3.9 Effect of Oxygen Permeation Functional De-
pendence on Activation Energy
The previous comparisons between the reactive co-current ITM and the counter-
current separation-only ITM show that the average temperature profile has a stronger
impact than the average partial pressure driving force. However, if a significant reduc-
tion in the effective activation energy can be obtained through material engineering,
the advantage could shift in favor of the reactive ITM. In order to capture the poten-
tial impact of a lower effective activation energy on the performance of the co-current
reactive and counter-current separation-only ITMs, the fitting constant B in equation
below is decreased keeping the maximum flux constant. That is, B is assigned values
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of 90%, 75%, 50% and 25% of the original value, where A is recalculated accordingly.
Jo2 Aexp(-B/TM) [(P' 2 )n _ (p/ 2 )n]
Physically, this manipulation represents improvements in the material tempera-
ture response, and essentially makes the dependence on partial pressure gradients
more influential on the average ITM flux. Both the vacancy diffusion coefficient Dv
and the surface exchange kinetics have Arrhenius dependence, and so the curve-fit
constant B essentially includes both. Xu et al. [65] reported a surface exchange ac-
tivation energy of roughly three times larger than the diffusion coefficient activation
energy (227 kJ/mol vs. 74 kJ/mol), confirming that in the low temperature regime,
the flux is overwhelmingly limited by the surface exchange reactions. Further, this
indicates that efforts should be focused on improving the surface exchange kinetics
in order to increase "B", since the low temperature regime is problematic.
Table 3.7: Effect of Activation Energy Reduction on Required ITM Size and Pressure
Drop: Fixed ITM Size and 02 Separation
B*/B VR {m3 ] Aperm,Reactive [bar] APfeed,Reactive [bar] APperm,sep [bar] APfeed,Sep [bar]
Base 910 0.40 2.55 0.18 0.13
90% 690 0.26 1.85 0.16 0.12
75% 466 0.18 1.21 0.17 0.13
50% 256 0.10 0.64 0.47 0.40
25% 148 0.06 0.36 2.23 1.92
In Table 3.7, B* represents the reduced effective activation energy, and V* is the
volume of the co-current reactive ITM required to oxidize 1 kmol/s methane. The
same B is then used for a counter-current separation-only ITM with the same volume,
V*, where the inlet flow-rates are varied to obtain the same oxygen separation of 2
kmol/s. The pressure drops are given for each case as an assessment of performance
in order to determine if potential improvements in effective activation energy benefit
the reactive ITM more than the separation-only ITM.
The results show that the reactive ITM is far more sensitive to the activation
energy, and also that significant reductions in the activation energy are required for
the co-current reactive ITM and the counter-current separation-only ITM to perform
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roughly the same. Reductions in the activation energy of 10% lead to a 25% smaller
ITM reactor required to oxidize 1 kmol/s of methane. Consequently, the pressure
drops decrease dramatically with the activation energy due to the large reduction
in reactor length or residence time. Since the average wall temperature is already
relatively high for the balanced counter-current separation-only ITM, improvements
in temperature dependence do not significantly impact the performance as expected.
Clearly, improvements in activation energy favor the reactive ITM more than the
separation-only ITM, because the flux becomes significantly less dependent on the
local temperature, and thus more dependent on the local partial pressure driving force.
Since reactive ITMs have a superior partial pressure driving force due to the presence
of a chemical reaction, a shift from dependence on temperature to dependence on
partial pressure would favor the reactive case.
The results show that roughly a 50% reduction in activation energy is required
compared to values based on data from [65] in order to deem the reactive ITM equal
in performance to the counter-current separation-only ITM. Interestingly, as the ac-
tivation energy is further reduced, the reactive ITM volume decreases further and it
becomes nearly impossible for the separation-only ITM to obtain the same oxygen
separation. For example, the separation-only ITM flow-rates are more than double
the reactive ITM flow-rates for the last case in Table 3.7, resulting in excessive pres-
sure drops and dangerously high flow velocities. Thus, reactive ITMs could have
a significantly lower capital cost because they potentially could separate more oxy-
gen in a smaller reactor compared with the separation-only ITMs, but only if the
temperature dependence of oxygen flux is drastically improved.
Figure 3-12 shows the distributed oxygen flux profiles and the oxygen flux as-
suming the maximum partial pressure driving force as a function of temperature for
each reduced activation energy mechanism. The sharp peaks represent the position
where the fuel has been completely consumed, since as the reaction ceases, the par-
tial pressure on the permeate side quickly increases. The sensitivity analysis earlier
showed that the permeate partial pressure is more influential when the ratio of the
feed to permeate oxygen partial pressure is high. Thus, we see the flux abruptly start
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Figure 3-12: Effect of Activation Energy Reduction on Oxygen Flux in a Reactive
Co-Current ITM. The oxygen flux mechanisms based on reduced activation energy
in Figure 3-12a are assumed to generate the oxygen flux profiles in Figure 3-12b.
decreasing as the ITM essentially becomes an isothermal co-current separation-only
reactor after the fuel is consumed. The figure shows that as the activation energy
increases, the residence time or reactor volume required to oxidize the fuel decreases,
which could be extremely important if the cost or size of the ITM reactor is the
dominant factor.
The base case shows a long induction time required for the temperature to rise
enough such that the partial pressure difference begins to dominate. This explains
the relatively low oxygen flux for a majority of the reactor just until the end when the
temperature finally becomes significant. In contrast, the 25% of B case indicates that
the low inlet temperature is not problematic, as the reaction progresses immediately
without issue. Additionally, the maximum flux observed in the ITM increases slightly
because the wall temperature overshoots more due to the faster chemical reactions
for the same heat transfer coefficients-an important drawback. These profiles confirm
the point earlier that the average wall temperature, or equivalently, the dominance of
temperature over partial pressure at low temperature, make the separation-only ITM
superior to the reactive ITM.
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3.10 Restricted vs. Unrestricted Thermodynamic
Equilibrium
The exact characteristics of the fuel oxidation kinetic mechanisms are still unknown,
and so the reactive co-current model is modified to include CO and H2 as described
previously in [39]. Specifically, we wish to determine whether or not the impact of
reforming chemical reactions would influence the ITM performance in a significant
manner. This consideration is important because it adds significant computational
time to each run due to the complexity of the chemical equilibrium equations and the
extra variables/equations for each discrete volume.
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Figure 3-13: Unrestricted Equilibrium Reactive Co-Current ITM Temperature Pro-
files: Effect of Endothermic Chemical Reactions
Ultimately, the type of intermediate fidelity model described herein is concerned
with the relationship between oxygen separation and the penalty imposed on a power
cycle while meeting operational constraints. In this sense, unrestricted equilibrium
and restricted equilibrium have similar results. Both exhibit large induction times
due to low local membrane temperatures, and both have high partial pressure differ-
ences due to the presence of a chemical reaction. However, an important difference
observed is that for the same inlet conditions, the unrestricted equilibrium ITM ex-
hibits sluggish fuel conversion at the inlet due to reforming reactions that lower the
permeate and hence the membrane temperature to intolerably low values.
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Figure 3-13 shows the temperature profiles for the non-preheated unrestricted
equilibrium case, i.e., identical inlet conditions to the restricted equilibrium ITM.
It should be noted that the results depend on the ratio of CO 2 to H2 0, but the
overall conclusions will not change significantly. Unrestricted equilibrium essentially
exacerbates the problems associated with reactive ITMs because the permeate must
be pre-reformed in a separate reactor where thermal energy is required. However,
since the permeate is preheated, this means that the outlet temperature will be higher
once the fuel is consumed. Thus, even more diluent, and thus preheating is required,
and an even higher pressure drop is incurred.
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Figure 3-14: Unrestricted, Preheated Equilibrium Composition
The pre-heated, pre-reformed results are quite similar to the reactive co-current
ITM, except that because of the pre-heating, and also because the reformed syngas
releases more thermal energy per mole of oxygen separated, the temperature rises
faster and the overall volume required becomes less. However, this advantage turns
out to be a disadvantage when one considers the high temperature thermal heat
integration required (~280 MW), the higher membrane temperature overshoot, the
higher pressure drop, and the lower outlet temperature.
Finally, Figure 3-14 shows the preheated unrestricted equilibrium composition.
The methane is essentially all reformed into H2 and CO before entering the ITM
reactor. Thus, if the membrane is sensitive to CO poisoning, and if unrestricted
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equilibrium is the dominant fuel oxidation mechanism, the reactive ITM cannot be
used. That is, lower-performing, but more stable perovskite materials would likely
be used instead, which by itself could defeat the point of combining reaction with
separation, in addition to the other problems. Overall, if unrestricted equilibrium
prevails, we cannot use the restricted equilibrium model in a power plant optimization
study because of the impact of preheating and local membrane temperature. Further,
if unrestricted equilibrium dominates, the disadvantages associated with a reactive
ITM only become worse, and thus comparisons between separation-only ITMs and
reactive ITMs made here represent best case scenarios.
3.11 Impact of Transport Phenomena
An important ITM performance aspect is the impact of additional mass transfer
resistances, i.e., bulk convective-diffusive transport, and transport through a porous
media. Many ITM models assume that since the oxygen flux through the ceramic
membrane itself is so small, these additional mass transfer resistances are not required.
In order to verify this assumption, a simpler sub-model is used to determine the
difference between flux based just on the membrane permeation equations, and flux
based on all the transport equations given in [39].
The base case results are used to calculate a new oxygen flux Jo2,act for comparison
with the original flux. That is, JO2 ,act includes the extra mass transfer resistances,
and so the sub-model can be used to roughly determine the error in flux incurred by
neglecting the extra resistances. Characteristics of the porous layer are assumed based
on [62] for the base case calculations, while more conservative values are assumed for
an additional simulation to determine when or if these terms could ever be relevant.
Specifically, a void fraction, E, of 0.32, a tortuousity, r, of 2.2, a pore thickness of
1.25mm, and a pore radius of 20pm is used.
The results confirm that for the base case simulation conditions, the impact of the
additional mass transfer resistances is relatively small. Figure 3-15 shows the base
case flux profile (no additional resistances), the bulk convective-diffusive resistances
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Figure 3-15: Impact of Additional Mass Transfer Resistances on Jo 2 and Relative
Mass Transfer Resistance Contribution: Counter-Current Separation-Only
included case, and the case with all mass transfer resistances. Clearly, the difference in
the base case flux and the actual flux is small, with slight deviations as the transport
through the membrane increased. This implies that the resistance of the membrane
itself is dominant, and so the other resistances can be neglected. Figure 3-15 also
shows the relative importance of each additional mass transfer resistance, showing
roughly an equal drop in oxygen partial pressure for each term.
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Figure 3-16: Impact of Additional Mass Transfer Resistances for a Doubled Base
Channel Width
Since the geometry of the ITM is a design parameter, the impact of changing
the channel width on the bulk convection-diffusion resistance is explored. Figure
3-16 compares the base oxygen flux profile to a case where the channel width is
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doubled, and the porous layer resistance is included. The results indicate that this
particular transport process is quite sensitive to the geometry as expected, since it
varies inversely with the channel width. The partial pressure drop contributions
confirm this effect, as the resistance of the convection-diffusion terms is significantly
higher than the porous layer, whereas the previous case indicated that they are all
roughly the same. Thus, if significant deviations in geometry are planned for ITM
design, the bulk mass transfer terms should either be re-assessed, or included directly
in the model. However, it is unlikely that channel widths will be larger than double
the base case, because the surface area to volume ratio would be too low.
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Figure 3-17: Impact of Additional Mass Transfer Resistances for a Doubled Base
Porous Layer Thickness
The porous layer thickness is another key design variable because it directly affects
the membrane durability or strength. The porous layer thickness is doubled and the
channel width is returned to the base case value in order to determine the relative
impact of the porous layer resistance. Figure 3-17 indicates that the flux is even more
sensitive to the porous layer (compared to the channel width), and that significant
reductions in oxygen separation should be expected for thick porous layers. The rel-
ative partial pressure drop for the porous layer increased by an order of magnitude,
indicating that selection of this design parameter should be done carefully. It should
be noted that we have assumed an inert porous layer, i.e., without the mixed conduct-
ing transport properties. However, many membranes have a porous layer constructed
from the same mixed-conducting material that provides an additional path for oxy-
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gen ion transport. Therefore, our results here represent a conservative estimate, or a
worst-case scenario for the relative impact of the porous layer resistance.
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Figure 3-18: Impact of Additional Mass Transfer Resistances on Jo2 and Relative
Mass Transfer Resistance Contribution: Reactive Co-Current
The results above demonstrate that the impact of additional mass transfer resis-
tances increases as the baseline flux through the membrane increases. In particular,
the bulk convective-diffusion transport mechanisms are sensitive to the mass transfer
rate itself due to the impact of fluid motion in the direction of mass transfer, i.e.,
"blowing", or "suction" [47]. This implies that since the reactive ITM has regions of
relatively high flux, the additional mass transfer resistances could significantly reduce
the overall oxygen flux-making the reactive ITM even more unattractive. Figure 3-
18 confirms that the relative error between the actual flux and the base case flux
increases with the flux itself, and so the reactive ITM would have a slightly lower
performance than indicated by the base results.
That is, for the same average flux, units with a more uniform flux will be signif-
icantly less affected by the additional mass transfer resistances than units that have
a region of very low flux (no effect of mass transfer resistance) and a region of very
high flux (significantly impacted by mass transfer resistance). Thus, there is another
interesting trade-off here, high-performing membranes such as BSCF are desirable,
but the actual oxygen separation is subject to diminishing returns-i.e., a higher base
flux results in larger additional mass transfer resistances. Again, we see the intricate
relationship between ITM geometry, operating conditions, and important physical
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aspects that are typically overlooked, yet could have a tremendous impact on the
performance.
The heat transfer coefficient is an especially important parameter for a reactive
ITM because it has a large impact on the local wall temperature as thermal en-
ergy is removed from the reaction zone to the adjacent streams by convection and
radiation. The ITM model neglected transverse radiative heat transfer in order to
provide conservative estimates on reactor safety margins, i.e., it overestimates the lo-
cal temperature by underestimating the heat transfer coefficient. Therefore, in order
to capture the effect of uncertainty in the heat transfer calculations, the heat trans-
fer coefficients are modified by a factor ranging from one to ten, and the resulting
temperature profiles and flux profiles are captured.
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Figure 3-19: Impact of Heat Transfer Coefficient on Membrane Temperature and Flux
The results show that as the heat transfer coefficient increases, the wall tem-
perature approaches the "cold wall limit" as described previously [39], and thus the
overshoot problems disappear. However, the flux is only marginally affected, since the
wall temperature does not deviate much from the "cold wall limit" wall temperature
until the end of the reactor, and only for a very small portion of the reactor. Thus,
the effect of transverse radiative heat transfer would be to mitigate the overshoot
problem without a significant impact on the overall oxygen separation.
A final potential problem is the transport of methane to the reaction zone for
reactive ITM applications. In this section, we are assuming that a catalytic reaction
120
zone is present at the membrane surface and that the heterogeneous oxidation kinetics
are much faster than the rate at which reactants are delivered to the surface. An upper
bound on permeate diluent fraction is specified for the base case results presented
earlier such that the methane mole fraction is at least on the order of 5% at the inlet.
This assumption is consequently checked, and the possibility of having fuel limited
chemical reactions (as opposed to the assume oxygen-limited) is explored. Thus, if
the methane transport from the free stream to the local reaction zone becomes too
small, then any advantages gained by having the reaction present to increase the
oxygen flux are essentially wasted.
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Figure 3-20: Fuel Transport Limited Oxidation: JCH4 and Jo 2 vs. Reactor Coordinate
Figure 3-20 shows the methane flux based on low mass transfer theory analogous
expressions to heat convection, and the maximum possible local oxygen flux, i.e.,
the oxygen flux assuming that the convective transport resistance on the feed side
is negligible. Assuming similar Sherwood numbers and geometry, this assumption
is reasonable because the concentration gradient is much higher for oxygen than for
methane, due to the large amounts of diluent in the permeate stream. Since we have
assumed the restricted equilibrium scheme, once methane is convectively transported
to the surface, it is immediately consumed, and thus a surface mole fraction of zero is
specified to calculate the methane flux. Transport equations given in [39] are used to
calculate the bulk methane transport to the surface as a function of local conditions
along the reactor coordinate.
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The results demonstrate that the methane mass transport to the surface is suffi-
cient (greater than stoichiometric based on the local Jo2 ) for a majority of the reactor,
even with a relatively low inlet mole-fraction. However, as the methane is consumed,
the driving force diminishes, and thus near the end of the reactor, the methane trans-
port becomes limiting. This implies that the inlet fuel concentration has a reasonably
high lower bound, and also that some excess fuel must be "thrown away" in order
to avoid having a fuel transport limiting case. That is, if the methane transport is
limiting, then the advantages of having a reaction present to drive a high oxygen
flux are lost because oxygen will build-up on the permeate side and the reaction will
progress according to how quickly methane is delivered to the reaction zone.
Figure 3-20 indicates that for our base case simulation, there is a relatively small
region near the end of the reactor where methane transport is limiting. Thus for the
base-case, an inlet mole-fraction of 0.04 is an acceptable lower bound, but this of
course depends on the design and operating conditions. Thus, the methane transport
flux profile should always be checked against the oxygen flux to ensure that the
permeate stream is not too diluted.
3.12 Exergetic Performance Assessment
Overall, the goal is to integrate ITM air separation technology into a power plant effec-
tively such that the least exergy is destroyed (by the plant as a whole) while using an
economically feasible design. The parametric studies presented earlier demonstrated
the complex relationship between performance and operating variables, i.e., operating
pressure and temperature, as well as reactor design, i.e., total volume, channel width,
aspect ratio etc. As explained previously [39], the work lost theorem can be used to
determine how much exergy is destroyed by viscous pressure losses, thermal energy
degradation, and mixing of different chemical species. Although the true impact on
a given power cycle can only be assessed accurately by optimizing both the power
generation system and the ITM simultaneously, the parametric analysis results based
on the ITM only can provide a starting point for effective integration schemes. All
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parametric studies here are done for the counter-current ITM with base conditions
equal to those of the fixed flow-rate inlet conditions shown in Table 3.3 because it
exhibited the best performance out of all configurations.
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3
Counter-
The inlet temperature of the feed, and the total pressure of both the permeate
and the feed are varied in order to determine their impact on the separation penalty.
Figure 3-21a shows a similar trend for the specific penalty as for the recovery ratio.
Increases in pressure greatly reduce the lost work at first, but are subject to significant
diminishing returns. Further, if one considers also the performance of the required
compressor and turbine, the optimal pressure likely resides somewhere between the
10 and 20 bar, representing a compromise between the two systems. Next, the results
show that preheating the feed stream only has a less significant impact on the specific
penalty, as expected from previous analyses for counter-current flow configuration.
Thus if the heat exchanger required to preheat the feed destroys more exergy than
the reduction in penalty obtained via preheating, then this particular option should
be avoided.
The previous analyses showed that the ITM performance is extremely sensitive
to the sweep ratio, particularly for values near one. Figure 3-21b directly shows that
there is a trade-off between recovery ratio and separation penalty. As the sweep
ratio is increased, the recovery ratio rapidly rises, and then eventually levels off as
it becomes substantially harder to separate oxygen at high recovery ratios. This
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implies that if the penalty increases with sweep ratio, we should see a minimum in
the penalty that corresponds roughly to where the oxygen separated and the penalty
have the same derivative with respect to the sweep ratio. Clearly, the results confirm
this important design aspect, and it should be noted that the range of specific work
penalty is quite large, implying that careful selection of the operating conditions
is required for an effective heat integration scheme. The performance of the ITM
is tightly coupled to the operating conditions chosen for the power cycle, and the
parametric studies presented here can eliminate many potential designs that at first
appear to be viable or worth pursuing, as well as suggest rough guidelines for other
operational variables such as the sweep ratio.
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Figure 3-22: Lost Work and Surface Area Per kg 02 Separated vs. ITM Size and
Geometry
The size or particular geometry of the ITM also has a significant impact on ex-
ergetic performance and on the overall economic cost. Figure 3-22 shows both the
work lost and the specific area as a function of ITM volume for different geometries
(channel widths). Variations in ITM volume can be thought of as using modular
ITMs (i.e., fixed design, add more units) to obtain a desired oxygen separation. On
the other hand, a varying channel width has significantly more implications both for
thermodynamic performance and manufacturability of the ITM.
The work lost results show interesting results that are somewhat different than
what the recovery ratio analysis gave. The smallest channel width appears to be the
most thermodynamically effective option for recovery ratios roughly less than 0.7,
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while larger channel widths are better thereafter. This is surprising, since the pressure
drop is extremely sensitive to the channel width, and it was expected to be the
lowest performing option. However, the coupling between all key operating variables
again show otherwise, indicating that "small" ITMs, i.e., ITMs with a relatively low
residence time, should have small channel widths.
Next, the specific area, or essentially the amount of ITM material required (in
m2 ) per kg oxygen separated is determined. Capital costs is a major consideration
in power plants, and likely a trade-off between ITM performance and cost will be
chosen. The specific area results can be used to determine the cost-benefit analysis
if a specific cost function for the ceramic material is provided. The results show that
the minimum surface area or materials required per kg of oxygen separated do not
agree with the minimum thermodynamic penalty, as expected from the previous rela-
tionships demonstrated between recovery ratio and volume. Thus, a multi-objective
optimization study, or alternatively, one that considers the levelized cost of electric-
ity, is required to determine the most effective performance-cost combination as a
function of a particular power cycle or desired application.
Overall, these results confirm two major aspects of ITM air separation technology.
First, the potential for efficient air separation penalty reduction is quite high, as
the lowest observed penalties are in the range of 30-40 kWh/metric ton of oxygen
separated, compared with a state of the art cryogenic system that achieves 160 kWh
per metric ton with some impurities present. The former penalty should be qualified
in some sense, since the second law efficiency of other components within the power
cycle could modify it.
For example, if it is desired to return the outlet pressure of the ITM feed stream to
the inlet pressure prior to entering a gas turbine, then a blower efficiency would have
to be factored in (assuming that most of the lost work is due to viscous pressure losses,
a reasonable assumption). However, we saw earlier that for a fixed pressure drop, i.e.,
1 bar, the lost work decreases with increasing total pressure level due to a reduction
in the specific volume. Thus, if the inlet stream to the ITM is pressurized to a higher
value in order to obtain a desired outlet pressure, then this efficiency modification is
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not required, but it is implied that the work of the compressor increases, and since
no real compressor is isentropic, the losses also increase. That is, exergy originating
from the fuel source inherently has a different impact than exergy originating from
the compressor.
Any exergy analysis that attempts to isolate an integrated component from its cy-
cle constituent inherently introduces some subtleties that must be considered. How-
ever, the goal of our analysis is not to obtain an accurate value of the thermodynamic
penalty, but rather to demonstrate the overall relationship between the penalty and
key operating variables, as well as determine the potential for air separation penalty
reduction relative to the cryogenic ASU. Clearly, the ITM air separation system has
the potential to greatly reduce the separation penalty, but careful design and opera-
tion considerations are required.
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Chapter 4
Oxy-combustion Power Cycle
Simulation and Analysis
This chapter investigates ITM-based zero-emissions power cycles using the intermediate-
fidelity ITM model developed herein. The main objectives are to analyze the prevalent
ITM-based power cycle concepts, provide further analysis to assist the design process,
and to develop novel design modifications. The secondary objective is to investigate
design modifications that could potentially make reactive ITM based cycles more at-
tractive. Novel concepts proposed herein, e.g., the multiple compartment reactive
ITM (MCRI) and the hybrid AZEP100H are analyzed in detail. Additionally, the
effect of low activation energy materials (LAE) is investigated.
First, a brief overview of ITM-based power cycles such as the AZEP and ZEIT-
MOP is given. The focus of the overview herein is on the power cycle component
level for ITM-based cycles only, in contrast to broad scope of Chapter 1. Typical op-
erating conditions and power cycle assumptions made by other researchers are noted
for comparison, and some important implications are discussed. Next, the multiple-
compartment reactive ITM (MCRI), low activation energy (LAE) reactive ITMs, and
the hybrid reactive-separation ITM concepts are presented in detail. Power cycle sim-
ulations are performed for the AZEP85, AZEP100, reactive co-current AZEP100 and
the hybrid AZEP100 using the intermediate-fidelity ITM model developed in Chapter
2 [39] and ASPEN Plus@. Next, the feasibility of implementing partial-emissions cy-
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cles is explored. The results indicate that thermodynamic performance metrics, e.g.,
efficiency and CO 2 emissions, do not appear to justify the use of partial-emissions
cycles. Finally, the multiple-compartment reactive ITM (MCRI) concept is imple-
mented in ASPEN Plus® using JACOBIAN-based ITM models and is analyzed in
detail. The MCRI performance results show significant reductions in both the pres-
sure drop and the ITM volume compared to the base case. Thus, a reactive ITM cycle
with an integrated MCRI could potentially compete with separation-only ITM-based
power cycles with an optimal integration scheme.
4.1 Coupled ITM-Power Cycle Simulation
The dependence of ITM performance on power cycle operating conditions and system
integration schemes must be captured in order to conduct meaningful process flow
engineering and optimization analyses. ITM-based air separation units are complex
simultaneous heat and mass exchangers with a variety of engineering limitations and
constraints that must be explicitly included within a power cycle model. In partic-
ular, the operational requirements of ITMs, such as high temperature and pressure
inlet streams, represent an exergetic burden on the power cycle. Additionally, tem-
perature overshoot described in Chapter 3 [40] necessitates the use of large amounts
of diluent for reactive ITM applications that could lead to large pressure drops and
flow imbalance.
Trade-offs between ITM size or cost and power cycle performance can be quan-
tified if the ITM model estimates the required size and penalty as a function of
power cycle operation and integration. Since the size and pressure drop are directly
related, one cannot optimize the power cycle independently and then design an ap-
propriate reactor afterwards. The generalized, physics-based ITM model developed
herein can provide key results such as pressure drop and ITM size required, as well as
detailed state variable results such as maximum internal membrane temperature or
fuel-limited transport. The work herein improves upon results presented in the litera-
ture that generally do not use ITM models within a power cycle simulation. Thus, the
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Table 4.1: Key ITM-Power Cycle Simulation Results in the Literature
Ref. Cycle Type '1 WNET (MW) CO 2 Capture (%) ITM Model
Colombo and Bolland [13] AZEP85 47.1% 30.4 78% Detailed
Kvamsdal et al. [35] AZEP100 50.0% 400 100% Black-Box
Kvamsdal et al. [35] AZEP85 52.5% 400 84% Black-Box
Sundkvist et al. [58] AZEP100 49.6% 400 100% Black-Box
Sundkvist et al. [58] AZEP85 53.4% 400 85% Black-Box
Foy and McGovern [21] ZEITMOP 52% 420 100% Black-Box
Foy and McGovern [21] Reactive ZEITMOP 46% 365 100% Black-Box
Anantharaman et al. [9] AZEP85 53.3% 393 84% Black-Box
Anantharaman et al. [9] AZEP100 49.3% 300 99% Black-Box
Yantovski et al. [66] ZEITMOP 50.0% 25.2 100% Black-Box
Fiaschi et al. [20] ITM-ATR 44.6% 62 72% Detailed
Pfaff and Kather [50] ITM Oxy-Coal Rankine 36.1% 600 90% Black-Box
coupled ITM-power cycle simulation approach herein can capture the performance as
a function of system integration as well as power cycle operation.
4.1.1 Power Cycle Component Modeling Assumptions
Many ITM-based power cycle simulations have been presented in the literature, each
with a different ITM model, cycle configuration, and set of cycle component assump-
tions. Table 4.1 provides an overview of recent ITM-based power cycle performance
results. Typically, these analyses do not have actual ITM models within their power
cycle simulation, and simply assume reasonable operating conditions based on known
material constraints such as maximum temperature or pressure. Essentially, these
simplified results provide the efficiency of a mostly standard power cycle with limi-
tations on the turbine inlet temperature and pressure. Further, simplified analyses
do not capture other crucial design limitations imposed by the ITM (particularly in
the reactive application), nor do they allow for optimization studies because the ITM
performance is assumed to be independent of the power cycle.
Nearly all of the power cycle concepts that use ITM technology in the literature
are based on the AZEP cycle, e.g., [13, 35, 58, 9]. The AZEP cycle is typically
presented as either a zero-emissions cycle, e.g., the AZEP100, or a partial-emissions
cycle with an additional afterburner, e.g., the AZEP85. The additional afterburner
increases the efficiency and power while emitting some CO 2. The ZEITMOP cycle
is a similar concept, but uses a supercritical CO 2 bottoming cycle instead, and has
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Table 4.2: Key ITM-Power Cycle Simulation Assumptions in the Literature: NR=Not
Reported, NA=Not Applicable, TIT=Turbine Inlet Temperature, PR=Pressure Ra-
tio
Ref. ITM ITM AP Gas Turbine Turbo-machine ITM-HEX Bott. Cycle Steam Turb.
T(K)/P(bar) Feed/Perm. TIT/PR GT/COMP sp*1 Pinch/AP Press. Lvls. 71j/TIT
Colombo [13] 1173-1330/17.6 0.01/ 0 bar 1531/18 84.5%/86.8% NR/ 0 80,5 NR/573
Kvamsdal [35] NR/NR NR/NR 1531/18 91%/91% 30/3% 111,27,4 92%/833
Sundkvist [58] 1173-1273 NR/NR 1523/20 NR/NR NR/NR Triple-NR NR/783
Foy[21] 973-1273 0/0 1673/15 90%/85% 15/0 NA NA
Anantharaman [9] NR/NR NR/NR 1673/17 NR/NR NR/NR Dual-NR NR/700
Yantovsk[66} 1073-1173/15 NR/NR 1673/15 88%/88% NR/NR NA NA/NA
Fiaschi [20] 1073-1123/20 NR/NR 1700/20 NR/NR NA/NA NR/NR NR/NR
Pfaff [50] 1073-1173/20 NR/NR NA/NA NA/NA NR/NR Triple/NR NR/NR
This Work 973-1273/20-10 Calculated 1573/20 90%/85% 15/3% 100,25,5 90%/623-773
special turbomachinery that can handle steam-CO 2 mixtures at high temperature
and pressure, e.g., [66, 21]. The ITM auto-thermal reforming (ATR) pre-combustion
capture concept uses an ITM to simultaneously separate and reform methane and
has a similar layout to the AZEP [20]. Finally, the oxy-coal Rankine cycle is a more
economical version of an ITM-based power cycle, where the ITM unit functions as an
external air separation unit for an oxy-combustor of coal [50].
Power cycle component assumptions have a significant impact on the overall per-
formance of the plant. Kvamsdal et al [35] elucidates the importance of comparing
power cycles with a consistent set of assumptions. Unfortunately, many researchers
either do no report all key parameters, or simply use different values. Table 4.2 pro-
vides a summary of common power cycle component assumptions. In Table 4.2, NR
means that the information is not reported, NA means that it is not applicable, TIT
is the turbine inlet temperature, PR is the pressure ratio, turbo-machine yi gives the
Second Law efficiencies of the gas turbine and compressor etc. These assumptions are
used to guide the work herein in order to attempt to compare results to the literature
on an equal basis.
The most important power cycle assumption is the ITM operating temperature
and pressure. These parameters have a significant impact on the pressure drop and
size required to separate a specified amount of oxygen [40]. Turbomachinery perfor-
mance assumptions, such as the turbine inlet temperature, pressure ratio and isen-
tropic efficiency, TI1, significantly affect the First Law efficiency. The AZEP cycle
includes two large gas to gas heat exchangers integrated with an ITM air separation
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unit. These heat exchangers influence the turbine inlet temperature for the AZEPIO
and the CO 2 emissions for the AZEP85 due to flow imbalance irreversibilities. The
minimum temperature approach, or pinch point, as well as the pressure drop in these
heat exchangers, are crucial power cycle parameters. Finally, the bottoming steam
cycle, present in most of the concepts in the literature, varies considerably. Multiple
steam pressure level units can exergetically match the hot gas turbine exhaust prod-
ucts more effectively, and thus convert more of the thermal energy to useful work,
but obviously incur a larger plant capital cost.
Although all of these assumptions have a significant impact on the First Law
efficiency, the span of efficiencies for the combined cycle variants is remarkably small
(46%-53.3%). This is likely a consequence of using a combined cycle, where the
overall First Law efficiency is less sensitive to changes in the topping gas turbine cycle
due to the presence of a bottoming cycle. However, as stated previously, the First
Law efficiency is not the only metric to evaluate ITM-based power cycle concepts.
Power cycle design should consider the CO 2 emitted, the complexity of the system
integration, the relationship between ITM operation and long-term reliability, the
ability to meet operational constraints, and the most economic use of ITM materials
etc.
4.1.2 JACOBIAN-ASPEN Interface
There are many ways to simulate a power cycle with an integrated ITM model.
ASPEN Plus® [1], typically used in chemical process engineering, can be used for
power cycle flowsheet development. ASPEN Plus® contains a collection of pre-defined
unit operation models, such as heat exchangers, simple turbomachinery, chemical
reactors etc., that can be connected to form a power cycle. JACOBIAN [2] is an
equation-oriented modeling and simulation program that can be used to model a
variety of systems. In comparison, JACOBIAN is more general and flexible (ideal to
model the ITM), whereas ASPEN Plus@ contains useful tools and components that
need not be re-modeled (ideal for power cycle).
The first option is to use the equation-oriented approach, e.g., JACOBIAN, to
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model both the ITM and the individual power cycle components. This method is a
natural fit for the ITM because the equation oriented method is essentially required to
model the ITM accurately. However, major drawbacks include the need to implement
thermodynamic properties, and also a lack of flowsheet visualization. Finally, the
exclusively equation-oriented approach has certain advantages for optimization.
The second option is to model all components in ASPEN Plus@. Alternatively,
similar process engineering software such as Thermoflex® and Gatecycle® could also
be used instead of ASPEN Plus®. However, the disadvantage is that an ITM system
cannot adequately be represented using the built-in unit operation blocks. Aspen
Custom Modeler could be used, or FORTRAN sub-routines could be written directly
into the flowsheet. However, since the ITM has already been modeled in JACOBIAN
herein, e.g., Chapter 2 [39], this would require the model to be rewritten. Aspen
Custom Modeler did not appear to offer any advantages over JACOBIAN that would
warrant rewriting the ITM model, and FORTRAN routines would require additional
numerical solver sub-routines.
The third option, shown in Figure 4-1 is to utilize ASPEN plus® for the power
cycle and link the ITM model in JACOBIAN to ASPEN plus® using the "USER2"
model block. The "USER2" model block can be configured to call an EXCEL spread-
sheet, transfer the input stream data, and return output values from the spreadsheet.
When the EXCEL spreadsheet is called, a visual basic (VBA) module named "AS-
PENHOOKS" is called inside the spreadsheet. This module is modified by adding
code that reads the input from EXCEL, calls the JACOBIAN model through a com-
mand line interface, "JCLI.exe", and returns the results to ASPEN. Additional code
is added to catch errors incurred during the sequential modular convergence process
and prevent failure due to inadequate initial guesses for the ITM model. It should be
noted that ASPEN has "CAPE-OPEN" capability, but its use was deemed to be too
complex for the required software connection herein.
The ASPEN-JACOBIAN connection method is chosen to model ITM-based power
cycle models for a variety of reasons. This method allows the versatility and robust-
ness of JACOBIAN to model the ITM accurately without having to model the power
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Figure 4-1: Visualization of a JACOBIAN-Based ITM Model in ASPEN Pluso using
a "USER2" Block and EXCEL VBA
cycle unit operation components or the thermodynamic properties for the rest of the
cycle. Further, this connection method is simple, effective and can easily be cus-
tomized through VBA. Finally, it is easy to transfer to other potential users, since
the EXCEL spreadsheet is automatically called by ASPEN without the need for user
intervention. The ASPEN-JACOBIAN connection allows for significantly more accu-
rate ITM-based power cycle simulations to be performed. In principle, this connection
method can be used for other programs, such as Finite Element CFD solvers for more
detailed analyses, provided that they can be managed from the command line. Thus
with this method, alternative power cycle flowsheets with various integration or re-
actor designs, e.g., low activation energy materials or multiple-compartment reactive
ITM, can be evaluated.
4.2 Reactive ITM Design Improvement Concepts
The motivation to combine fuel conversion with oxygen separation, e.g., reactive
ITMs, is to enhance the oxygen flux by maintaining a large oxygen partial pressure
driving force, as explained in Chapter 2 [39]. In principle, the reactive ITM could
reduce the air separation penalty and size of the ITM unit relative to separation-only
ITM applications. The underlying assumption is that the pressure drop or thermo-
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dynamic penalty associated with this method is at least equal to (but ideally lower
than) the separation-only ITM, and that ITM operational constraints can still be met.
However previous work herein, e.g., Chapter 3 [40] showed that it is unlikely that the
reactive ITM can reduce the separation penalty below that of the separation-only
ITM. Moreover, work herein, e.g., Chapter 3 [40], demonstrated that unless signif-
icant improvements in the reactive ITM performance are obtained, separation-only
ITM applications are superior. Nevertheless, the reactive ITM still has the potential
to reduce the size of the ITM, and hence the cost of ITM-based oxy-combustion power
plants.
ITM simulation and analysis presented in Chapter 3 [40] showed that the nar-
row temperature operation limits and the high pressure drop associated with reactive
ITMs are the primary drawbacks. That is, the conflicting requirements to oxidize
a significant amount of fuel within the unit while restricting the temperature rise
to less than 200 K, and incur a small pressure drop pose serious engineering chal-
lenges. Further, the limitations on temperature rise imply a low inlet temperature (or
an excessive diluent flowrate), exacerbating the pressure drop problem due to poor
oxygen permeability at low membrane temperature. Three concepts are presented
that could potentially make reactive ITMs an economically attractive alternative to
separation-only ITMs by reducing the ITM size while keeping the penalty the same
as for separation-only ITMs.
4.2.1 Multi-Compartment Reactive ITM (MCRI)
The results presented in Chapter 3 [40] demonstrate that the membrane temperature
is the controlling factor for oxygen separation when the membrane temperature is
significantly lower than the maximum operation temperature allowed for a given
material. The multiple compartment reactive ITM (MCRI) concept, shown in Figure
4-2, seeks to mitigate the penalties associated with reactive applications by splitting
the incoming feed, permeate and fuel streams in such a way that the spatially-averaged
(axially) membrane temperature is higher, and pressure drop is significantly lower
compared to the original configuration.
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Figure 4-2: A Novel Multi-Compartment Reactive ITM (MCRI) Concept Proposed
Herein
The outlet temperature from each stage is essentially the maximal allowed, and
so the inlet temperature to the next stage is generally higher than it would have been
in the base configuration. The stage inlet temperatures depend on the choice of feed,
diluent and fuel distribution to each stage. Higher average membrane temperatures
increase oxygen flux significantly and accelerate chemical fuel conversion. Thus, the
total volume required is reduced, and consequently, the pressure drop is lower. Since
the chemical reactions are exothermic and heat the membrane, the effect of initially
higher oxygen flux in "cold" operational regimes is greater than if the chemical reac-
tions were neutral or endothermic. This latter point motivates the use of interstage
duct burners discussed in upcoming sections. Further, since only a fraction of the
total mass flow-rate goes through the initial MCRI stages, the pressure drop is fur-
ther reduced. Thus, for the same inlet and outlet conditions, the MCRI concept can
separate the same oxygen for a lower pressure drop using a smaller ITM.
In principle, the operational degrees of freedom include the feed, permeate and
fuel flowrates for each stage, as well as the excess oxygen separated from each stage,
or equivalently, the fuel burned in between stages. However, as will be shown in the
upcoming sections, operational constraints remove many of these degrees of freedom.
135
First, the membrane temperature at any point inside the reactor must always be less
than the maximum allowable. Second, the MCRI must oxidize a specified amount of
fuel amongst all stages, e.g., a fixed thermal energy input to the power cycle. Third,
the permeate stream cannot be diluted without limit, otherwise the fuel concentration
will be too low in the free stream, and the reactions will be fuel transport limited, as
demonstrated in Chapter 3 [40].
The implementation of additional stages increases the system complexity, and
potentially, the cost. It is expected that the addition of a small number of stages,
e.g., less than five, will not significantly increase the cost. Further, the additional
manifolds introduced between each stage should not significantly contribute to the
pressure drop. Finally, since the heat transfer coefficients are lower in the initial stages
due to lower a Reynolds number, the potential to overheat is larger. However, the
ITM stage geometry could be optimized, e.g., the channel width could be modified
as a function of the stage number to obtain optimal heat and mass transfer without
large pressure losses. For example, it may be advantageous from a cost perspective
to increase the surface area to volume ratio in the initial stages by decreasing the
channel width where the flowrates and the corresponding pressure drops are low.
It should be noted that fuel transport limited reactions may be desirable when
the heat transfer coefficient is low. For example, if the fuel transport to the sur-
face can temporarily slow the chemical reactions, large temperature overshoots could
be avoided without the use of excessive diluent. That is, the pressure drop penalty
incurred by adding sufficient diluent to meet the membrane temperature constraint
could be more harmful than using a slightly larger ITM reactor with some fuel trans-
port limitations in specific situations. Generally, this particular utilization of inten-
tional fuel transport limited operation is advantageous when the magnitude of the
temperature overshoot is large; otherwise it ought to be avoided. Optimization anal-
yses are well-suited to quantify the effect of incurring some fuel transport limitations
vs. simply adding more diluent. However, the ITM model may require discretiza-
tion in the transverse direction e.g., a fully 2D model, to accurately account for the
fuel transport limited reaction rates. Thus, the analysis herein will avoid operational
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regimes where significant fuel transport limitations are predicted by the model.
In summary, the MCRI concept incurs the long induction residence time penalty
only in the first stage of the reactor (where the flowrates are much lower) and provides
subsequent stages with higher temperature and pressure streams compared to the base
configuration. An analysis is provided herein to explore the potential of the MCRI
to reduce the penalty and ITM size associated with reactive applications.
4.2.2 Low Activation Energy Materials
Another potential way to address the deleterious effects of low membrane tempera-
tures is to modify the membrane materials themselves. This aspect is discussed and
explored in detail in previous ITM simulation case studies, e.g., Chapter 3 [40], but
have not yet been extended to power cycles. In essence, a lower effective activation en-
ergy (representative of various Arrhenius-dependence electrochemical reactions) has
the same effect as a higher membrane temperature. Thus, if the membrane can pro-
vide a higher oxygen flux at lower initial temperatures, the fuel oxidation reactions
can heat the streams and accelerate the overall fuel conversion process.
Undoubtedly, low activation energy materials will improve the performance of
both reactive and separation-only ITMs. However, low activation energy essentially
shifts the dependence of oxygen flux primarily on membrane temperature to mixed
or strong dependence on the oxygen partial pressure driving force. Thus, this method
would actually favor reactive ITMs and close the gap between separation only and
reactive applications. The results presented in Chapter 3 [40] indicated roughly a 50%
reduction in the effective activation energy was enough to make the separation-only
and reactive perform comparably in terms of pressure drop and volume required for a
fixed oxygen separation. In the upcoming sections, the effect of low activation energy
materials on the MCRI concept is explored.
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4.2.3 Hybrid Reactive-Separation ITM Network
The temperature limitations of the reactive ITM pose serious problems for Brayton-
like topping cycles. Low turbine inlet temperatures, the required ITM inlet stream
preheating burden, and high pressure drop imply that reactive ITMs will not be suc-
cessful as the primary chemical to thermal energy conversion unit. A novel solution
proposed herein is to split the oxygen separation into two separate ITM units in se-
ries, as shown in Figure 4-3. The resulting hybrid arrangement allows for a higher
turbine inlet temperature, because the separation-only ITM provides additional oxy-
gen for a separate fuel stream that is subsequently burned in an external combustor
downstream. Thus, if there are any size advantages associated with using reactive
ITMs, this system will benefit from it while still maintaining First Law efficiencies
comparable to exclusively separation-only concepts such as the AZEP.
Recycled Cool Products CH4
I Combustion ITM Separation ITMH20+CO2 
-sExternal CCH4 Combustor
Air
(Preheated Compressed) A
Optional Fresh Air To Preheat/HRSG(Preheated)
Figure 4-3: A Novel Hybrid Reactive and Separation-Only Concept Proposed Herein
The hybrid arrangement also provides added benefits compared to the original
AZEP power cycle. Since the outlet of the reactive ITM unit is likely to be close to
the maximum allowable operating temperature, the preheating or regenerative burden
on the power cycle is reduced. Further, the separation-only ITM can operate at the
maximum temperature at all points inside the ITM, in contrast to the AZEP concept
where one of the inlet streams generally enters at the lower bound on the operating
temperature. The optimal split of the total oxygen separation between the reactive
and separation-only unit for a fixed fuel consumption is unclear a priori. The optimal
split is obtained when the size-reducing ability of the reactive mode and benefits of
the higher inlet temperature to the separation-only ITM balance the disadvantages
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associated with burning significant amounts of fuel in the reactive ITM stage.
4.3 ITM-Power Cycle Flowsheet Descriptions and
Simulation Methodology
The AZEP has become the standard ITM-based power cycle based on the prevalence
in the literature, the excellent compatibility with ITM technology, and the relatively
high performance it offers. Simulations of the AZEP100/85 provide insight into the
coupling between the power cycle and ITM, and provide a baseline for comparison
with reactive ITM power cycles. The flowsheet is based on the AZEP referenced in
Table 4.1, and is sized to produce net electric power in the order of 500 MW for the
AZEP100. The AZEP85 uses the same base flowsheet, but includes an afterburner
downstream of the high temperature heat exchanger to raise the turbine inlet temper-
ature up to the assumed maximum of 1573 K. Crucial power cycle assumptions are
listed in Table 4.2 and generally apply for all simulations herein unless a particular
cycle constraint is violated.
Reactive ITM oxy-combustion power cycles must incorporate additional constraints
that are not present in separation-only configurations. First, the internal membrane
temperature overshoot must be limited by changing the amount of diluent compared
to the inlet fuel flowrate. Second, the sweep gas diluent fraction must not lead to
fuel transport limited reactions and defeat the point of a reactive ITM. Other limi-
tations discussed in [13, 58, 15, 39, 40] such as oxygen chemical potential gradient,
thermal expansion stress, carbonate formation and maximum velocity are not con-
sidered in the analysis herein. The effect of including these considerations will likely
not significantly change the performance of the ITM, although the model is sensi-
tive enough to include them if necessary. Thus, the work herein will focus on only
the most important reactive ITM constraints. Future experimental work can provide
more accuracy for a particular membrane of choice, and the design of the power cycle
can be adjusted accordingly. Simulations are performed for a novel AZEP100 using
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a co-current reactive ITM (AZEP100R) and a novel hybridized AZEP100 where a
separation-only ITM is used to augment the oxygen separation (AZEP100H).
FD ITM eAFTRFUEL
aRDUCNS is oPE MEATE AFTERBRN
|AIR u 4RECYCLED
B9
FAN6 CCOMB
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Figure 4-4: AZEP100/85 Process Flow Diagram in ASPEN Plus@ with an Integrated
JACOBIAN-Based Intermediate-Fidelity ITM Model. The stream "AFTRFUEL"
and the afterburner "AFTERBRN" is omitted for the AZEP100 .
4.3.1 Separation-Only AZEP100 and AZEP85/72
The topping Brayton-like cycle of the AZEP contains the ITM air separation unit
and a combustor that provides thermal energy to the cycle. Figure 4-4 shows the
AZEP85 and AZEP100 concept, where the additional fuel stream "AFTRFUEL"
and external combustor "AFTERBRN" are omitted for the AZEP100. The topping
cycle separates oxygen by recycling hot combustion products flowing in a counter-
current configuration through a heat exchanger network with an integrated ITM
(labeled "LHEX-ITM-HHEX" in Figure 4-4). After compression, the feed air stream
is split into two streams. The stream "AIRMCM" enters the ITM heat exchanger
network, and provides oxygen to the primary combustor. The remaining feed stream,
"AIRREST", is used partially to regenerate thermal energy from the bled combustion
products, and partly to cool the turbine blades. The compressed "AIRMCM" stream
enters the low temperature heat exchanger "LHEX", where it is preheated to 973 K.
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The preheated feed stream flows into the ITM air separation unit and provides oxygen
to the counter-flowing sweep stream and is also heated by the sweep stream. After
exiting the ITM, the air-residual stream enters the high temperature heat exchanger
"HHEX" where it is further heated by the hot combustion products. The hot air-
residual stream is either expanded directly in the gas turbine (AZEP100), or is further
heated in an external combustor "AFTERBRN" (AZEP85/72). After exiting the gas
turbine, the hot air-residual stream is sent to the heat recovery steam generator
(HRSG) for additional work extraction in the bottoming cycle.
The permeate stream "PRODUCTS" contains the oxygen required to burn a spec-
ified amount of fuel in the primary combustor "COMB" downstream. A fan is used to
overcome the pressure losses incurred in the "LHEX-ITM-HHEX" network. At steady
state, the bled products stream "PRODBOTM" mass flowrate equals the input fuel
stream and oxygen separated from the ITM. The bled products, "PRODBOTM",
exits the topping cycle for the HRSG and CPU to separate the CO 2 generated by the
combustion process. In alternative concepts, e.g., [9, 35], the bled products stream
is expanded in a special C0 2 /H 2 0 turbine. The bled combustion products mass
flowrate is quite small compared to the air-residual inlet flowrate and so the effect of
expansion on the First Law efficiency is modest. Further, this specialized turbine is
not yet available commercially and would add to the system complexity and cost for
a minimal net gain, in the order of a percentage point. Finally, since the CO 2 con-
tained in the bled products stream ultimately is compressed to a much higher pressure
(albeit at a much lower temperature), the net work developed from expanding this
stream is even less significant.
Since ASPEN Plus@ uses the sequential modular approach to solve the power
cycle equations, design specification control loops are required to fix certain cycle
parameters. A design specification control loop is implemented in ASPEN to control
the combustion products temperature such that it does not exceed the high temper-
ature heat exchanger limit of 1473 K, as in [35, 58, 9]; however, other researchers
have used values up to 1573 K [13]. Interestingly, the work done in [13] utilized a
gas turbine with a turbine inlet temperature that is less than 1573 K, which means
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that the high temperature heat exchanger is not limiting for that particular cycle.
This seems to suggest that for cases where the high temperature heat exchanger is not
the limiting temperature component, afterburners are essentially unnecessary because
the AZEP1O0 can potentially deliver a gas turbine inlet stream at a temperature that
is higher than the maximal turbine inlet temperature without additional fuel emis-
sions. As long as the high temperature heat exchanger limit minus the temperature
approach or pinch in the ITM heat exchange network is greater than the assumed
turbine inlet temperature, no external combustor should be used. To the best of the
authors' knowledge, this important design consideration has not yet been pointed
out.
As mentioned previously, the "LHEX-ITM-HHEX" form a heat exchanger net-
work; heat exchange flow imbalance leads to a minimum temperature approach in
the LHEX, and a relatively large temperature difference at the HHEX outlet. Con-
sequently, the turbine temperature in the AZEP100 is nearly 50 K lower than the
maximum allowed by the HHEX. A design specification control loop varies the recy-
cle ratio, i.e., the stream flow rate "RECYCLED", such that the assumed temperature
approach is met in the LHEX without crossover in any of the heat exchangers. Finally,
in the case of the AZEP85/72, a design specification control loop varies the flowrate
of the afterburner fuel, "AFTRFUEL", in order to obtain the maximum turbine inlet
temperature of 1573 K.
The remaining degrees of freedom for the topping AZEP cycle are the inlet feed
air stream flowrate, and the ITM size. These two parameters are varied iteratively
to achieve the target net electric power goal of 500 MW. Either the ITM size can be
fixed, and the feed inlet stream varied until the required oxygen is separated in the
ITM, or vice-versa. In the simulations herein, the ITM size is then held fixed and the
feed stream flowrate is varied. As the ITM size and hence recovery ratio is increased,
the feed flowrate decreases, and the partial emissions AZEPXX approaches the zero
emissions AZEP100.
In order to compare the results herein with the AZEP85 results reported in the
literature, two partial emissions cycle configurations are implemented. First, the
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partial-emissions AZEPXX is designed such that it achieves the same efficiency as the
AZEP85 reported in the literature, and the emissions are compared (AZEP72). Sec-
ond, the AZEPXX is modified to give the same emissions as the AZEP85 in the litera-
ture, and the efficiency is compared (AZEP85). In all cases, e.g., the AZEP100/85/72,
the operating conditions are held fixed for the ITM by manipulating the fraction of
feed air that enters the "LHEX-ITM-HHEX" network as a function of the feed air
entering the compressor. The bypass air, e.g., "AIRREST" in Figure 4-4, enters
the gas turbine directly without going through the ITM; thus, the bypass flowrate
determines how much afterburner fuel is needed in order to maintain the maximum
TIT. Consequently, the partial emissions variants can be compared on a more equal
basis, because the base ITM AZEP100 cycle is the same for all cases. Optimization
analyses that consider the cost of the ITM unit should be used to determine the best
combination of air inlet flowrate and ITM size.
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Figure 4-5: Triple Pressure Bottoming Steam Cycle used for all Power Cycle Sim-
ulations Herein: Pressure Levels are 100,25,5 bar (AZEP85/72) and 80,20,5 bar
(AZEP100,100R, 100H).
The bottoming cycle shown in Figure 4-5 is used for all power cycle simulations
herein. This standard steam cycle consists of three pressure levels in order to effec-
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tively match the gas turbine products stream [34], but also incorporates the small ad-
ditional thermal energy resource from the bled combustion products stream. It should
be noted that the pressure levels are modified slightly for the AZEP100/100R/100H
variants in order to match the lower temperature gas turbine exhaust compared to the
AZEP85/72. The outlet temperature of the gas turbine products exiting the HRSG is
fixed at 373 K to avoid acid condensation and keep the HRSG size and cost relatively
low [34]. An assumed pressure drop of 0.2 bar imposes the minimum back pressure
of the gas turbine of 1.2 bar. The hot combustion products containing the CO 2 to
be separated is integrated with the bottoming cycle. This stream essentially passes
through the steam drums and exits for the compression and purification unit (CPU)
at roughly 360 K. A design specification control loop is implemented to achieve a
minimum temperature approach of 5 K in the intermediate-pressure evaporator by
changing the steam cycle base flowrate, i.e., stream #37 in Figure 4-5. The pinch
point was not achieved in the other evaporators, but the approach is relatively close,
e.g., less than 10 K. Although, optimization of the bottoming cycle could further
improve the performance, the improvement likely would be minimal and would apply
equally to all cycles herein.
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Figure 4-6: CO2 Compression and Purification Unit (CPU)
The compression and purification unit (CPU), shown in Figure 4-6, is used to
separate the CO 2 from the bled combustion products stream via condensation. The
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C0 2/H 20 stream enter multiple flash units, where the liquid water is collected and
removed from the CO 2. Alternating stages of compression, cooling and flashing are
used to deliver the CO 2 at 100 bar and nearly 100% purity.
4.3.2 Reactive Co-Current AZEP100 (AZEP100R)
The simplest integration of a reactive ITM with an AZEP cycle is the AZEP100R,
a new concept proposed herein, based on the existing AZEP100 [13, 35, 58, 9]. The
AZEP100R, shown in Figure 4-7, uses a co-current reactive ITM that consumes all
the fuel exclusively within the ITM. The AZEP1OOR uses a similar heat integration
scheme as the AZEP100/85/72 with one important difference. Previous analyses, e.g.,
Chapter 3 [40], showed that the reactive ITM requires a large amount of diluent to
keep the membrane temperature within bounds, and also that the sweep gas diluent
is limited by fuel transport considerations. Consequently, the AZEP1OOR has a large
flow imbalance, i.e., the feed flowrate is much larger than the sweep flowrate to meet
the membrane temperature constraint. Thus, the exhaust from the gas turbine must
also be used for preheating, because the sweep is insufficient. This is in contrast to
the AZEP100/85/72 and has severe implications for the cycle efficiency. However, it
should be noted that a possible trade-off is to incur some fuel transport limitations
in order to reduce the flow imbalance. This latter possibility would require a more
detailed model with 2-D discretization and lies outside the scope of the work herein.
First, the preheating burden imposed by the AZEP1OOR sets a constraint on
the outlet temperature of the gas turbine, rather than the outlet pressure. This
constraint is also partly due to the relatively low turbine inlet temperature achieved
in the AZEP1OOR. The back pressure of the turbine must be approximately 1.5 bar to
keep the exhaust hot enough to preheat the feed stream to the ITM temperature lower
bound, thus significantly limiting the work extraction. However, the requirement that
the inlet feed temperature is heated to the ITM lower bound temperature is a design
choice, and in principle, it could be lower. A design specification control loop is used
in ASPEN to adjust the back pressure of the gas turbine until sufficient preheating is
achieved in the low temperature heat exchanger "LHEX". Thus, some work is lost as
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Figure 4-7: A Novel Co-Current Reactive AZEP1O (AZEP100R) Proposed Herein
the products expand freely into the environment after exiting the heat recovery steam
generator (HRSG). A second consequence is that the products exiting the topping gas
turbine cycle are significantly cooler (e.g., 620 K instead of 870 K) and thus the work
developed in the bottoming cycle is significantly lower. Finally, the pressure drop
in the reactive ITM drastically lowers the turbine inlet pressure, essentially wasting
recycled exergy from the compressor.
4.3.3 Hybrid Reactive-Separation Only AZEP100 (AZEP100H)
The hybrid AZEP100H, shown in Figure 4-8, is a novel cycle proposed herein in order
to mitigate the effects of a low turbine inlet temperature and pressure associated with
pure reactive ITM-based power cycles. The potential advantage over separation-only
ITM cycles is the opportunity to achieve similar thermodynamic performance using
a smaller ITM, and thus reduce the cost. The hybrid configuration is similar to the
AZEP10OR but includes an additional oxygen separation unit to achieve a higher
turbine inlet temperature by burning fuel in an external combustor downstream up
to a maximum of 1473 K (HHEX limit), as in the AZEPIO. The hot products exiting
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the reactive ITM provide the required preheating for the separation-only ITM, and
the overall ITM volume is reduced. A fraction of the total fuel to be consumed is
specified for the reactive ITM, and the downstream counter-current separation-only
ITM provides the necessary oxygen to burn the remaining fuel. Design specification
control loops are used to limit the maximum membrane temperature in the reactive
ITM and to adjust the individual size of each ITM unit. Since only part of the fuel
is consumed in the reactive ITM, many of the deleterious effects associated with the
large flow imbalance are mitigated.
Figure 4-8: A Novel Hybridized Co-current Reactive ITM and Counter-Current Sep-
aration Only ITM Power Cycle (AZEP1OH) Proposed Herein
4.4 Analysis of ITM-Based Power Cycles
4.4.1 AZEP100 and AZEP85/72
The results of all power cycle simulations are provided in Table 4.3 for comparison,
and additional details for the ITM units are provided in Table 4.4. The performance
results for the AZEP100/85/72 are in good agreement with the literature results
referenced in Table 4.1. As expected, the AZEP72 displayed the highest efficiency,
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Table 4.3: Power Cycle Simulation Results in ASPEN with JACOBIAN ITM Models:
The AZEP85 is obtained by modifying the AZEP72 cycle such that the LHEX-ITM-
HHEX-COMB loop conditions are held fixed.
Result AZEP100 AZEP85 AZEP72 AZEP10OR AZEP1OOH
Efficiency 1 48.9% 51.1% 53.4% 27.6% 47.8%
WNET (MW) 445 550 660 225 385
02 Sep. (kmol/s) 2.27 2.28 2.28 2.01 1.97
WCryo (MW) 59.7 59.9 59.9 52.7 51.7
WLost,ITM (MW) 13.7 13.8 13.8 NA NA
Mod. Efficiency j* 43.8% 45.2% 49.6% NA NA
TIT (K)/TIP (bar) 1415/18.8 1573/18.8 1573/18.8 1217/7.1 1445/9.5
Fuel (kmol/s) 1.14 1.35 1.55 1.01 0.985
CO2 Sep. (%) (97.4%) (84.5%) (71.6%) (98.2%) (98%)
CPU Pen. (MW) 8.1 8.1 8.1 8.2 8.0
but the performance of the AZEP100 is also relatively good in comparison. A final
salient feature of the simulation results is the trade-off between efficiency and allowed
emissions for the AZEPXX variants. This result is discussed shortly, along with the
other performance metrics given in Table 4.4.
The cryogenic equivalent work penalty, Wcryo, is calculated based on the work
of Simpson et al [52]. The cryogenic equivalent penalty can be compared to the
ITM lost work in an approximate sense as described in Chapter 3 [40], indicating the
potential for ITM technology to significantly reduce the oxygen separation burden on
the power cycle. The modified First Law efficiency, ij*, gives the analogous efficiency
if a cryogenic unit were used instead of the ITM.
(WGross + WLost,ITM - WCryo
fifuel x LHV
In the equation above, NGross is the gross electrical power, WLost,jTM is the lost
work in the ITM as described in Chapter 3 [40], and Wcryo is the cryogenic equiva-
lent work penalty. Clearly, 4-5% points in the First Law efficiency is worth pursuing
provided that the ITM costs are not prohibitive. The average oxygen flux in the ITM
for both concepts is relatively high (0.043 mol/m 2/s), but still does not meet the
minimum level for economic viability (0.07 mol/m 2/s) estimated by denExter et al.
[15]. However, modifications to the ITM reactor design and/or choice of cycle oper-
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ating conditions can increase the average flux at the cost of a larger thermodynamic
penalty.
The results indicate a slight discrepancy for the AZEP85 efficiency and CO 2 cap-
ture with respect to results reported in the literature, e.g., [35, 58, 9]. The conse-
quences of the ITM pressure drop and flow imbalance in the "LHEX-ITM-HHEX"
network are such that for the same efficiency as reported in the literature [35, 58, 9],
the AZEP85 is actually an AZEP72. Perhaps this is a direct result of carefully mod-
eling both the ITM and the adjacent heat exchangers, or due to differences in choices
for the remaining cycle degrees of freedom. Equivalently, for the same CO 2 emissions
as the AZEP85 results in the literature, the AZEP85 simulation herein indicates a
lower efficiency. A majority of the discrepancy in efficiency, e.g., 1 % point, can be
explained by the pressure drop in the ITM, as it does not appear that the simulations
in the literature explicitly calculated this important penalty. Also, the bottoming
cycle used in the literature is generally not described, making further comparison
difficult.
Finally, the magnitude of the ITM lost work indicates that it is unreasonable to
expect the reactive ITM to significantly reduce the air separation penalty imposed
on the cycle. Even if the ITM were an ideal unit, the First Law efficiency of the
AZEP100/85/72 would not be noticeably different from the values reported herein.
This does not mean that a detailed ITM model is not needed for design and optimiza-
tion. Clearly, the design and operation was chosen such that the impact of the ITM on
the cycle is minimal, which could only be done with the assistance of a detailed ITM
model. Thus, the real motivation for implementing reactive ITM applications is the
potential to reduce the cost of the ITM unit by reducing the size, and to achieve the
economic viability flux criteria without sacrificing the thermodynamic performance.
4.4.2 AZEP1OOR and AZEP100H
The simulation results for the AZEP1OOR, shown in Table 4.3 confirm that it is im-
practical to use a reactive ITM by itself in an oxy-combustion power cycle. The
pressure drop and constraints on the turbine inlet temperature lead to an unaccept-
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Table 4.4: ITM Parameters and Simulation Results: The AZEP85 is obtained by
modifying the AZEP72 cycle such that the LHEX-ITM-HHEX-COMB loop condi-
tions are held fixed.
Result AZEP100 AZEP85 AZEP72 AZEP10OR AZEP100H
Volume (m 3 ) 400 400 400 912 510+157
Application Sep-Only Sep-Only Sep-Only Reactive Reactive, Sep-Only
Flow Config. Counter-Curr. Counter-Curr. Counter-Curr. Co-Curr. Co/Counter-Curr.
AP Feed/Perm (%) 1.1%/0.6% 1.1%/0.6% 1.1%/0.6% 27.1%/4% 4.6%/2.1%
Recovery Ratio (%) 29.1 29.1 29.2 14.3 30
Sweep Ratio 0.631 0.631 0.652 0.296 0.748
Tiniet Feed/Perm (K) 973/1273 973/1273 973/1273 973/973 973/973
Toutlet Feed/Perm (K) 1230/1000 1230/1000 1230/1000 1191/1235 1165/1150
Avg. Flux (mol/m 2 /s) 0.043 0.043 0.042 0.016 0.023
ably low First Law efficiency. Specifically, the AZEP100R achieves nearly half the
efficiency of the AZEP100/85/72 using an ITM that requires twice the membrane
material as in the AZEP100/85/72. Further, in contrast to the AZEP100/85/72, the
feed flowrate and ITM size degree of freedom pair is no longer available to optimize
this flowsheet. For a specified amount of fuel, the sweep gas flowrate is maximized
by reaching the constraint on fuel limited transport. This is an attempt to keep the
effects of the large flow imbalance to a minimum. Thus, the air flowrate must be
adjusted to meet the maximal membrane temperature constraint, and the ITM vol-
ume is varied until all of the specified fuel is consumed within the ITM. Clearly, it is
difficult to oxidize large amounts of fuel in an ITM within the narrow temperature
operating bounds. The results unequivocally show that significant modifications to
existing AZEP cycles are required in order for the reactive ITM to be competitive.
The simulation performance given in Table 4.3 indicates major improvements in
the First Law efficiency with less ITM materials required for the AZEP100H compared
to the AZEP100R. It should be noted that for the particular simulation herein, the
design choice of splitting the total amount of fuel equally between the reactive ITM
and the external combustor leads to a sub-optimal combustor exit temperature of
1453 K. Additional recycle loops or steam injection could be implemented with more
fuel to both raise the turbine inlet temperature up to the maximum allowable by
the high-temperature heat exchanger (1473 K) and increase the mass flowrate. This
would have the effect of adding thermal energy at a higher overall temperature, and
thus the First Law efficiency would increase. Obviously, this latter option requires a
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larger separation-only ITM, and thus some cost/performance trade-offs are expected.
The higher turbine inlet temperature (TIT) and turbine inlet pressure (TIP) of
the AZEP1OH have obvious beneficial effects on the topping Brayton cycle efficiency.
Additionally, these two power cycle characteristics provide another benefit. Higher
TIT and TIP eliminate the constraint on gas turbine back pressure, and also provide
higher temperature products to the HRSG. Additionally, since the constraint on the
turbine back pressure is removed, the total cycle pressure could be increased, pro-
vided that reactive ITM materials can handle higher pressures. That is, the cycle
pressure could be increased in the AZEP100R, but since the outlet pressure increases
accordingly, the net result is actually a poorer performing cycle because more exergy
is destroyed when the air-residual exits the HRSG without expansion.
Clearly, there are many degrees of freedom present for this cycle (both operational
and flowsheet configuration). Thus mixed-integer optimization studies should be
used to determine the best AZEP100H cycle. Finally, the reactive portion of the
AZEP100H could be replaced with a multiple-compartment reactive ITM (MCRI),
and/or implement low activation energy materials. Although the efficiency would not
increase significantly, the total ITM volume required likely would be much lower, as
indicated by the upcoming MCRI results.
4.4.3 Assessment of Partial Emissions ITM Cycles
Many researchers, e.g., [13, 35, 58, 9], have proposed variants of the AZEP ITM-
based power cycle where partial CO 2 emissions are allowed in order to increase the
First Law efficiency. The simulation results given in Table 4.1 and Table 4.3 indicate
that a careful cost-benefit analysis ought to be performed before choosing between
the AZEPIO and AZEP85, or any partial emissions variant. The utility of incurring
additional CO 2 emissions for a small increase in efficiency is not immediately clear.
Figure 4-9 displays the First Law efficiency and specific CO 2 emissions [kg C0 2/GJe]
for the cycles presented in Table 4.1, as well as the simulations results herein. The
black dotted line represents the performance of partial emissions AZEP cycles ranging
from the AZEP1O to the AZEP72. Additionally, linear combinations of a combined
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cycle and the AZEP100 are included for comparison. That is, for a fixed total power
demand from the grid, either zero-emissions cycles, conventional combined cycles, or
any combination thereof can be used to deliver the required power. Clearly, the First
Law efficiency and specific CO 2 emissions depend on this choice of combination. To
be clear, if 1 TWe of power is required, and both the AZEP and the combined cy-
cle each provide 500 MWe individually, then a linear combination essentially chooses
which fraction of the 2000 power plants required are AZEP cycles vs. combined cy-
cles. Thus, linear combinations are the appropriate way to evaluate partial emissions
cycles because they characterize the performance of a fleet of power plants, rather
than on a plant to plant basis.
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Figure 4-9: Assessment of Partial Emissions for the AZEP [13, 35, 58, 9], ZEITMOP
[66, 21], ITM-ATR [20], ITM Oxy-Coal [50] and the AZEP Variants Simulated Herein.
Note that the AZEP78 in [13] is a 30 MWe plant with relatively low-performance
turbomachinery.
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The green solid and red dashed lines in Figure 4-9 represent linear combinations of
a combined cycle and a zero-emissions cycle, spanning the extreme cases of maximum
and minimum emissions. The green solid line assumes a combined cycle efficiency of
TA=65%, whereas the red dashed line assumes TA=55%. In order for partial-emissions
cycles to be considered viable from a performance perspective, they must lie above
the parameterized curve. That is, if a higher efficiency can be achieved for the same
specific emissions using a particular combination of a zero-emissions cycle and a com-
bined cycle, then the use of partial-emissions cycles is not justified.
Most of the partial emissions cycles are below the solid line, where even the best
AZEP85 is quite close to it. However, since it may be unrealistic to assume that the
majority of conventional combined cycles have rp=65%, a comparison to the dashed
line could be more relevant. Nevertheless, the partial emissions cycles do not appear
to be justified from a performance perspective. However, since the ITM size would be
smaller for a partial emissions cycle compared to a zero-emissions cycle of the same
total power rating, it may be advantageous to use a partial emissions cycle from a
cost perspective. That is, the results shown in Figure 4-9 may look quite different if
the levelized cost of electricity is plotted instead of the efficiency. Finally, a partial
emissions cycle could enable the use of more conventional gas turbines, whereas the
zero-emissions cycles require a gas turbine that can operate with relatively cool inlet
streams with the same T1. Optimization studies are well-suited to analyze the trade-
off between performance, the price associated with emissions, and the complexity of
the cycle.
4.5 Multiple-Compartment Reactive ITM Simula-
tion and Analysis
Simulation of the MCRI is performed using multiple instantiations of the JACOBIAN-
based ITM model via ASPEN "USER2" blocks. First, various fuel distribution pro-
files are used to identify candidate solutions as initial guesses for an optimization
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study. Next, the effect of number of stages in the MCRI on the pressure drop and
total volume is explored. The effects of producing excess oxygen from each stage
and burning some fuel in between stages are also investigated. Further, the impact
of low activation energy materials on the MCRI system is obtained, and significant
diminishing returns are noted for this combined concept. Finally, an assessment of
the potential of this novel reactive ITM design to reduce both the penalty and size
associated with ITM air separation technology is conducted.
Figure 4-10 displays a five stage MCRI with interstage duct burners. The total
feed, fuel and sweet streams are split and enter each stage separately, and additional
fuel is added to the duct burners for designs with excess oxygen. Products exiting
the ith stage mix with fresh streams and enter the ith + 1 stage. After a duct burner,
the air-residual stream is mixed with fresh, cooler air and enters the next stage.
Likewise, cool recycled products mix with the products of the duct burner and enter
the permeate side of the next stage.
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Figure 4-10: Multi-Compartment Reactive ITM (MCRI) Implemented in ASPEN
using Multiple Instantiations of ITM Models in JACOBIAN
The constraints for each stage include the maximum membrane temperature limit,
the fuel transport limit on sweep diluent, and the requirement to burn the fuel pro-
vided to the stage. The maximum membrane temperature is controlled by changing
the feed flowrate using a design specification control loop. Another design specifi-
cation is used to adjust the recycled products, or sweep diluent flowrate. Finally,
a third design specification varies the ITM stage volume until the amount of excess
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oxygen specified is obtained. Broyden's method was selected to converge the multiple
design specifications simultaneously, because the manipulated variables are coupled.
For example, changes in the feed flowrate affect the maximum membrane tempera-
ture, the oxygen partial pressure profiles and hence the total separation, and also the
fuel transport indirectly via the temperature overshoot. These simultaneous design
specifications significantly increase the computational time, and require that the JA-
COBIAN ITM models implement homotopy continuation methods in order for the
ASPEN flowsheet to converge.
The degrees of freedom are Nstg - 1 fuel flowrates and Nstg ITM volumes with the
proviso that all fuel must be consumed, where Nstg is the number of MCRI stages.
The sum of all fuel flowrates (including the duct burner fuel) is constrained to a
specified value, e.g., 1 kmol/s for ~ 500 MWe. In order to assess the potential for the
MCRI to reduce the ITM size and/or penalty, simulations are performed to explore
these remaining degrees of freedom prior to implementing optimization studies.
4.5.1 Five Stage MCRI Reactor Profiles
In order to visualize the MCRI concept, reactor state variable profiles such as the
local membrane temperature as a function of reactor volume are presented. These
illustrate how the MCRI concept works and provide some insight for optimizing its
operation. The following profiles are obtained for a fixed excess oxygen separation of
150 mol/s from each stage. The fuel distribution is chosen as 100 mol/s CH 4 for the
first three stages and 200 mol/s from the last two stages. The distribution is chosen
based on a physical understanding of the ITM performance obtained from previous
analyses, e.g., Chapter 3 [40]. Specifically, less fuel in the initial stages and more fuel
in the latter stages ought to perform better than the opposite case. The remaining
300 mol/s of fuel is consumed amongst the interstage duct burners, e.g., 75 mol/s in
each duct burner. The appropriation of 30% of the total fuel to the duct burners was
chosen in order to further boost ITM stage inlet temperatures closer to their maximal
values. That is, although the streams leave any particular stage close to the maximal
temperature, they mix with fresh, cooler streams prior to entering the next stage.
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Thus, if the exiting stream can be heated further in a duct burner before mixing with
the cool stream, the performance may be enhanced.
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Figure 4-11: Multi-Compartment Reactive ITM Simulation Results: Temperature
Profiles and Base Comparison using the Hot-Wall Estimate of Chapter 2 [39]
The local membrane temperature is one of the most important state variables
for ITM oxygen separation. Figure 4-11 shows the local membrane temperature
as a function of the total MCRI volume or axial "length" coordinate. The base
temperature profile (single-stage) is also included for comparison. The MCRI profiles
indicate significantly higher average membrane temperatures compared to the base
profile. The higher inlet temperatures to the ith + 1 stages further increase the flux
and accelerate the fuel conversion process. The slope of the MCRI temperature
profile is larger than the base case because the heat capacity is much lower due to the
splitting of the overall stream, but the reaction rate, and hence heat release, is greater
than the base case because the oxygen flux is higher. The discontinuities in the MCRI
temperature profile denotes interstage mixing where cooler streams are mixed with the
hot products. Next, the magnitude of the temperature rise in each stage decreases in
this case because the fuel to diluent ratio is decreasing (design choice) and because the
inlet temperatures approach the maximal temperature allowed with each additional
156
stage. It should be noted that the maximal temperature allowed is the same for
both the base and the MCRI, but due to imperfect design specification control loop
tolerance in ASPEN, the MCRI temperature profile shows slight overshoot for some
of the stages.
Another interesting result is the higher membrane temperature at the beginning
of stage 1. This is due to the lower heat transfer coefficient compared to the base
case, because the flowrate is significantly lower and hence the Reynolds number is
small. Consequently, the MCRI concept appears to give low heat transfer coefficients
when this characteristic is desirable (i.e., to assist the first stage chemical reactions
quickly), and high heat transfer coefficients in the latter stages. That is, low heat
transfer coefficients maintain a relatively hot membrane even if the streams are cool,
because the heat release is assumed to be directly on the membrane surface and must
be removed via heat convection. On the other hand, low heat transfer coefficients
may be problematic for the temperature overshoot, and so a careful choice of design
conditions is required to balance these competing effects.
Clearly, if an ITM designer were able to control the heat transfer coefficient at
any point along the reactor, tremendous gains in reactive ITM performance could be
obtained. That is, if the local membrane temperature could always be maintained
near the maximal limit, regardless of the bulk temperature, the oxygen flux would
be maximized. For example, a detailed ITM model could be used to help achieve
this goal by exploring the effect of variable ITM geometry as a function of the axial
coordinate. That is, the simplest way to modify the heat transfer coefficient is the
change the channel width, but many other performance aspects are impacted, as
discussed in Chapter 3 [40]. The MCRI is an excellent match for this idea for many
reasons, namely the modular design that enables different stage geometry and the
lower heat capacity of the streams.
Overall, the MCRI temperature profile results highlight the importance of captur-
ing the coupled heat and mass transfer aspects using a detailed ITM model, because
black-box models would not indicate these crucial performance characteristics. The
membrane temperature profiles confirm the positive effect of splitting the stream (and
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thus lowering the heat capacity), and suggest that the first stage should have a low
flowrate in order to take advantage of low heat transfer coefficients and high local
membrane temperatures despite low bulk stream temperatures.
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Figure 4-12: Multi-Compartment Reactive ITM: Oxygen Flux Profiles and Base Com-
parison
The oxygen flux distribution shown in Figure 4-12 clearly demonstrates the conse-
quence of high average membrane inlet temperatures. It should be noted that in order
to provide a conservative estimate, the cold-wall membrane temperature is used in the
flux expression within the ITM model. As explained in Chapter 2 [39], the cold-wall
estimate provides the lower bound on the membrane temperature by assuming that
all chemical reactions occur in the bulk, where heat transfer correlations are used to
determine the membrane temperature. In contrast, the hot-wall membrane tempera-
ture estimate, shown in Figure 4-11, assumes that all chemical reactions occur at the
membrane surface; the convective heat transfer away from the surface determines the
local membrane temperature. In reality, the actual membrane temperature will be
somewhere in between these two estimates, which do not differ significantly for the
base case, but might for the MCRI. CFD and experimental analyses will be extremely
helpful, because they will indicate the location of the reaction zone and provide the
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appropriate combination of the hot and cold wall temperature estimates.
The base and the MCRI oxygen flux values agree at the first stage inlet because
they are both based on the cold-wall temperature. Regardless of which assumption
is used, the effect of splitting the streams increases the membrane temperature much
more rapidly than in the base case, and the resulting oxygen flux profile is thus
higher on average. Further, the actual MCRI is expected to provide slightly better
performance results as a consequence of using the conservative cold-wall temperature
assumption. Additionally, since the temperature constraint for the ITM is based on
the hot-wall temperature estimate, a safety margin is automatically included in the
design.
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Figure 4-13: Multi-Compartment Reactive ITM Simulation Results: Permeate Fuel
and Oxygen Flowrate Profiles and Base Comparison
The fuel and oxygen flowrate profiles display the behavior of reactive ITMs in
general, as well as the MCRI. When a significant amount of fuel is present on the
permeate side, the oxygen partial pressure is zero, and the fuel conversion proceeds in
stoichiometric proportion to the oxygen flux. The logistical function is used to smooth
the transition between reactive and separation-only mode as the fuel is consumed as
described in Chapter 2 [39]. The fuel and oxygen profiles illustrate that, like the
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base case, the MCRI still incurs a large residence time penalty due to the low inlet
temperature. However, since the flowrate is low in this stage, the pressure drop
is small. Thus, the design goal is to reduce the initial residence time by carefully
choosing the fuel flowrates to each stage, as well as the excess oxygen burned in
between each stage.
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Figure 4-14: Multi-Compartment Reactive ITM Simulation Results:
Profiles and Base Comparison
Figure 4-14 shows the total pressure of the feed stream for both the MCRI and the
base case. These profiles confirm the effect of low mass flowrates in the initial stages
because the slope or pressure drop per unit length for the MCRI is much lower than
the base case. The discontinuities in the slope, although difficult to identify in Figure
4-14 due to small changes in flowrate for the first three stages, indicate interstage
mixing.
4.5.2 Effect of Fuel Distribution
The fuel distribution determines how much of the total fuel is consumed in each stage
and has a significant effect on the performance of the MCRI. Various fuel distribution
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Table 4.5: MCRI Simulation Results: Effect of Fuel Distribution Profiles on APTOt
and VTOt
Profile APTOt VTOt nFuel,1 nFuel,2 nFuel,3 nFuel,4 nFuel,5
(bar) (m 3 ) (% if,tot) (% ff,tot) (% if,tot) (% fnf,tot) (% if,tot)
Constant 0.775 838 20 20 20 20 20
Linear 0.542 446 10 15 20 25 30
Step 0.367 445 10 10 20 30 30
Backload 0.398 421 10 10 10 20 50
Feed-last 0.796 465 10 10 10 10 60
Arbitrary 0.586 454 10 13.4 18.1 22.5 36
profiles are assumed for the MCRI, and the simulation results are given in Table 4.5.
The simulation results provide the total volume of the MCRI, VTOt, the sum of the
pressure drop of both the feed and permeate stream APTOt, and the amount of fuel
provided to each stage as a percentage of the total fuel after accounting for the duct
burners. That is, the fuel entering the ith stage, n1Fuel,i is calculated by the following
expression, where 'yi is a specified fraction between zero and one, lFuel,cycle is the input
fuel to the power cycle, e.g., 1 kmol/s, and EifnFuel,DB,i is the total fuel consumed in
the interstage duct burners.
nlFueli ~ ri X (nFuel,cycle - EiflFuel,DB,i)
Thus, % if,tot in Table 4.5 refers to the fuel consumed strictly within the ITM stages,
or in this particular section, 0.9 kmol/s. The excess oxygen is held fixed for stages
1-4, where 2.5% of the total fuel is consumed in each duct burner and the last stage
provides no excess oxygen. The volume of each ITM stage is obtained using a design
specification that varies the volume (keeping the aspect ratio the same) until the
specified excess oxygen in the outlet permeate stream is achieved. The effect of
increasing the interstage duct burner utilization is explored later.
The total volume and total pressure drop are impacted differently by the choice
of the fuel distribution profile. The profiles listed in Table 4.5 are chosen such that
the fuel is increasingly distributed more asymetrically towards the latter stages of the
MCRI with each new profile. The first profile, "Constant", simply divides the fuel
equally amongst the stages. Although the pressure drop is reduced significantly (2.9
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to 0.77 bar), the volume remains relatively high. On the other hand, the "Linear"
profile exhibits a moderate pressure drop improvement and large reduction in volume
compared to the "Constant" profile. Thus the MCRI seems to perform better when
the fuel distribution increases with the stage index, as expected based on the physical
explanation provided earlier.
However, the opposite strategy, where the fuel is essentially all consumed in the
last stage and the initial stages provide some small preheating, is not the most ad-
vantageous choice for either volume or pressure drop. The "Feed-last" profile has a
higher pressure drop and volume compared to the "Step" and "Backload" profiles.
For this particular choice of excess oxygen, the "Step" and "Backload" profiles appear
to be the best options. Interestingly, these two profiles exhibit a trade-off between
pressure drop and volume, suggesting the existence of a Pareto curve, where the op-
timal choice depends on the relative merit of volume and pressure drop. Simply put,
the operating conditions for minimum pressure drop and minimum volume do not
coincide.
The fuel distribution simulation results are quite helpful for the design and op-
eration of the MCRI. They demonstrate the importance of optimization, or at least
parametric analysis with a good model, because the pressure drop and volume vary
significantly depending on the choice of fuel distribution. Asymmetric profiles appear
to be best, where a majority of the fuel is consumed in the latter stages. The "Linear"
and "Feed-last" profiles demonstrate the delicate balance between adding too much
fuel initially (and paying the pressure drop penalty for large flowrates) and adding
the fuel too late (low inlet temperatures and high flowrates in the last stage leads to
large volumes and pressure drops).
The fuel distribution profiles are provided as initial guesses to ASPEN's SQP op-
timizer to determine the potential for improvement. The optimizer is set to minimize
the total pressure drop, i.e., the sum of the pressure drops for the feed and permeate
streams by varying the fuel flowrate to the first four stages. The last fuel flowrate
is determined with a calculator block to meet the total fuel consumption constraint
of 1 kmol/s. Table 4.6 indicates that the optimizer generally fails to improve upon
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Table 4.6: MCRI Simulation Results: Fuel Distribution Optimization Results for
Various Initial Guesses
Initial APTot VTot nFuel,1 NFuel,2 i 1Fuel,3 nFuel,4 nFuel,5
Profile (bar) (m3 ) (% flf,tot) (% if,tot) (% fnf,tot) (% f,tot) (% fif,tot)
Constant 0.775 839 20 20 20 20 20
Linear 0.950 441 9.6 10.2 20.8 12.6 46.8
Step 0.577 440 10.1 10.3 19.6 30.1 29.9
Backload 0.521 421 9.4 9.4 9.6 20.6 51
Feed-last 0.623 451 9.5 17.1 13.3 25 35.1
Arbitrary 0.5 441 10.3 12.1 15.3 21.3 41
the assumed fuel distribution profiles. Interestingly, the optimizer converges to sub-
optimal points for the "Linear", "Step" and "Backload" profiles, but with smaller
volumes, although this is not included in the objective function. However, the opti-
mizer manages to find a better solution for the "Feed-last" profile, achieving a lower
pressure drop and smaller volume. The optimization analysis is also attempted with
additional degrees of freedom, i.e., the excess oxygen from each stage. However, the
optimizer fails to converge for a variety of initial guesses. Multi-start methods, as
well as potential reformulations of the ITM model or ASPEN MCRI model may be
needed to obtain meaningful optimization results.
4.5.3 Effect of Number of Stages
The number of individual stages or compartments is another important degree of
freedom for the MCRI concept. The addition of stages increases the system com-
plexity and should be balanced against the corresponding increase in performance.
The number of stages also represents the resolution or accuracy of approximating a
continuous optimal fuel distribution profile with a discrete fuel distribution profile.
Thus, in order to assess the dependence of pressure drop and total volume on the
number of stages, simulations are performed in ASPEN Plus @ ranging from a single
stage to five stages. The "Step" fuel distribution profile is used for five stages with
a fixed total excess oxygen of 10%. That is, as the number of stages decreases, 100
mol/s of CH 4 is still consumed amongst the remaining duct burners. Fuel distribution
profiles for less than five stages are determined based on the original profile ("Step"
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Table 4.7: MCRI Simulation Results: Effect of Number of Stages on APTOt and VTet
Stages APTot VTot nFuel,1 fnFuel,2 niFuel,3 NFue1,4 NFue1,5
(bar) (m3 ) (% iftot) (% fnf,tot) (% nf,tot) (% nftot) (% fiftot)
1 2.9 910 100 - - - -
2 1.1 775 40.6 59.4 - - -
3 0.492 650 20.8 33.3 45.9 - -
4 0.326 417 12.5 18.75 31.25 37.5 -
5 0.367 446 10 10 20 30 30
in this case) using the following expression, where j is the total number of stages in
the MCRI, Nstg is set as the maximum number of stages (five in this case), and i is
the particular stage in the MCRI:
nFuel,i+1,j+1 + nFuel,i,j+1 -± 1 . .
Fuel,i,j = 2 j
The results of Table 4.7 indicate large improvements initially and significant dimin-
ishing returns as the number of stages approaches five. Only three stages are required
to achieve a pressure drop that is comparable to the AZEP100/85 separation only
ITMs, and the pressure drop quickly levels off with additional stages. Reductions in
the total volume also fall off rapidly as Nstg increases beyond three. Interestingly, the
performance results for Nstg-4 stages is actually better than Nstg=5 stages. This sur-
prising results indicate two things; the chosen profile for Ntg=5 is not optimal, and
the performance difference between Nstg= 4 and Nstg=5 is likely small, provided that
the optimal solution is not drastically different. Overall, the results herein indicate
that a modest number of stages is required to achieve large improvements in reactive
ITM performance.
4.5.4 Effect of Excess Oxygen from MCRI Stages
Another key degree of freedom is the excess oxygen separation in each stage. The
excess oxygen is consumed in the duct burners and increases the inlet temperature
to the next stage. However, previous results shown in Chapter 3 [40] demonstrated
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Table 4.8: MCRI Simulation Results: Effect of Excess Oxygen from All Stages on
APTot and VTt
Excess Oxygen APTot VTot nFuel,1 nFuel,2 nFuel,3 nFuel,4 nFuel,5
(% Total Stoich) (bar) (m3 ) (mol/s) (mol/s) (mol/s) (mol/s) (mol/s)
0 0.755 459 100 100 200 300 300
10 0.367 445 90 90 180 270 270
20 0.300 417 80 80 160 240 240
30 0.351 492 70 70 140 210 210
40 0.479 822 60 60 120 180 180
that co-current separation-only is not ideal. Thus, a trade-off between higher inlet
temperatures and over-sized reactor stage volumes is expected. Small values of excess
oxygen separation may not be taking full advantage of the potential for high inlet
temperatures to sucessive stages. However, large values of excess oxygen separation
rely on separation-only ITMs at less than the maximal temperature allowed. That is,
the average membrane temperature for the MCRI separation-only segments is unlikely
to exceed the nominal counter-current separation-only case. Nevertheless, due to the
Arhennius dependence of oxygen flux on the local membrane temperature, interstage
fuel consumption fed by excess oxygen still improves the MCRI performance.
Simulation results given in Table 4.8 give the total pressure drop and MCRI
volume as a function of the total excess oxygen. For example, 20% of the total
stoichiometric oxygen required means that 200 mol/s of fuel is consumed amongst
the duct burners, and the remaining 800 mol/s is consumed within the reactive ITM
stages. The results show a trade-off between too little and too much excess oxygen.
For the step profile, it appears that approximately 20% excess oxygen total, or 5%
from each of the first four stages, is superior both in terms of the pressure drop and
volume. Interestingly, it appears that the optimal excess oxygen in terms of pressure
drop is also optimal for the volume and no tradeoff is observed between VTet and
APTot.
In order to determine how sensitive the MCRI performance is to excess oxygen
from only one of the stages, all other stages except the fourth are held fixed and
the fourth stage excess oxygen is varied. Table 4.9 shows that for the step fuel
distribution profile, the effect of changing the excess oxygen from the fourth stage is
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Table 4.9: MCRI Simulation Results: Effect of Excess Oxygen from Stage 4 on APTot
and VTet. All Other Stages=2.5% Each
Excess Oxygen Stage 4 APTot VTot nFueI,1 nFuel,2 nFuel,3 nFuel,4 nFuel,5
(% Total Stoich) (bar) (m3 ) (mol/s) (mol/s) (mol/s) (mol/s) (mol/s)
0 0.542 439 92.5 92.5 185 277.5 277.5
2.5 0.367 445 90 90 180 270 270
5 0.467 434 87.5 87.5 175 262.5 262.5
7.5 0.478 435 85 85 170 255 255
10 0.476 437 82.5 82.5 165 247.5 247.5
not significant. As the excess oxygen is increased, the membrane temperature of the
last stage is increased, reducing the last stage volume required. However, the sum of
the additional volume incurred to provide the excess oxygen and the reduction in the
last stage volume appear to cancel out. An increase in the excess oxygen beyond 10%
from the fourth stage however leads to a larger volume and pressure drop. Overall, it
appears that the effect of excess oxygen is not as significant as the choice of the fuel
distribution profile but still should be included as an optimization degree of freedom.
Excess oxygen of approximately 10-20% is a good starting point but may also depend
on the choice of the fuel distribution profile, among other factors.
4.5.5 Effect of Low Activation Energy Materials
Since the use of LAE materials could increase the performance of the reactive ITM
separately, it is important to quantify how it might improve the MCRI. In many ways,
these two concepts both address the low average membrane temperature problem
that hinders the reactive ITM. Thus, there are diminishing returns present when
combining the two concepts. There likely would be a combination of the MCRI and
LAE materials that is significantly cheaper and has similar performance as using both
concepts to the fullest extent possible. That is, the MCRI could obviate the need to
improve the existing ITM membrane materials.
The impact of using low activation energy materials on the MCRI is given in
Table 4.10, where the "Backload" fuel distribution profile with a total excess oxygen
of 10% of the stoichiometric is specified. The "Backload" profile was chosen in an
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Table 4.10: MCRI Simulation Results: Effect of Low Activation Energy Materials on
APTOt and VTOt
Activation Energy APTot VTot nFuel,1 nFuel,2 fnFuel,3 nFuel,4 nFuel,5
Reduction (bar) (m3 ) (mol/s) (mol/s) (mol/s) (mol/s) (mol/s)
0 0.398 421 90 90 90 180 450
25% 0.384 410 90 90 90 180 450
50% 0.356 367 90 90 90 180 450
75% 0.328 348 90 90 90 180 450
attempt to achieve the smallest possible ITM using the combined LAE and MCRJ
concepts. A decrease in the effective activation energy leads to modest reductions in
the pressure drop or thermodynamic penalty compared to the base case. This result
is not surprising, considering that the LAE concept essentially influences the first two
stages of the MCRI the most, where the flowrate, and hence the pressure drop, is
small.
In contrast to the pressure drop, significant reductions in the MCRI total volume
are achieved. Generally speaking, reductions in activation energy have an impact
when the membrane temperature is relatively low, i.e., less than 1050 K. The MCRI
exhibits a high average membrane temperature, and thus the reductions in activation
energy only assist a small fraction of the MCRI. However, since the ITM is extremely
sensitive to membrane temperature, even a small boost in the oxygen flux, and hence
fuel conversion rate, greatly improves the performance. Again, the results show how
the thermodynamic penalty (pressure drop) and the total volume are related, but are
impacted differently by changes in the ITM design and operation.
Overall, the use of LAE materials appears to be justified, provided that the in-
crease in cost due to the use of these materials is less than the reduction in cost due
to need for less materials. Optimization studies that consider the cost of both aspects
along with the thermodynamic penalty will provide a more definitive answer based
on the particular performance aspects of a given MCRI design using a given ITM
material.
167
THIS PAGE INTENTIONALLY LEFT BLANK
168
Chapter 5
Conclusions
The intermediate-fidelity model developed herein provides an accurate, flexible and
robust ITM simulation tool that is ideal for the design and integration of ITM air
separation units with oxy-combustion power cycles. The complex relationships be-
tween the many distinct physical processes occurring in an ITM air separation unit
indicate that simple black-box models are not sufficient for detailed design and opti-
mization of an ITM-based power plant. Finally, this model captures the essence of
ITM air separation in terms of both performance metrics and feasible design-without
excessive computational expense. The model can be easily adjusted to accommodate
new experimental results and can be used to investigate novel power cycle designs.
Further, the model can be used to identify key aspects of ITM technology that require
significant development prior to large-scale commercialization.
The results of ITM simulation and analysis using the intermediate fidelity model
herein have provided many important insights and conclusions. First, the comparison
between reactive and separation-only ITM units showed that combining reaction and
separation does not produce a superior unit in any available performance metric
under the assumptions given herein. The potential advantages gained by combining
fuel oxidation with oxygen separation inside an ITM appear to be outweighed by the
disadvantages associated with meeting the operational constraints.
The parametric studies provided information about the impact of changing key
operating and design parameters and consequently could be used to guide initial
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process flow power cycle design. The parametric studies also explored the impact
of uncertainty within the various sub-models of the overall ITM model. Finally, the
exergetic analysis confirmed that detailed optimization studies are required in order
to justify the use of ITM technology in oxyfuel power cycles, since some combination
of operating conditions lead to exergetic penalties on the same order of traditional
cryogenic units.
The results of the power cycle simulation and analysis herein has demonstrated
many crucial aspects of ITM-based oxy-combustion cycle design. The requirement
of a detailed ITM model to ensure that all operational constraints are met, as well
to assess the tradeoff between thermodynamic penalty and size or cost of the ITM
unit, has been confirmed. The thermodynamic coupling between the ITM and the
cycle must be analyzed with detailed optimization studies to determine the best cycle
power cycle configuration while still meeting all ITM constraints.
The simulation results indicate that the constraints of the reactive ITM impose a
significant burden on a power cycle, such that a reactive ITM cannot be implemented
exclusively; hybridization, the MCRI, or the use of LAE materials are necessary
steps in order to take advantage of the size-reducing potential of reactive ITMs.
Additionally, the simulation results show that the potential of the MCRI is quite
high, as performance metrics such as volume and pressure drop are comparable to
the best separation-only cycles. In particular, the hybrid AZEP100H combined with
an MCRI or using LAE materials for the reactive ITM section could potentially deliver
the same efficiency as the AZEP100 using a smaller ITM reactor.
Clearly, detailed optimization studies are needed to consider the interaction be-
tween the numerous ITM and power cycle degrees of freedom. Mixed-integer pro-
gramming utilizing plant superstructures will be quite useful to explore combinations
of existing flowsheets, e.g., the AZEP variants, with the reactive ITM improvement
concepts. Moreover, multi-objective optimization studies are needed to assess the
performance penalty and cost of the ITM simultaneously. The work herein has en-
abled these detailed optimization studies, and the advantages of oxy-combustion CCS
technology are a step closer to being realized.
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Appendix A
Solar-Thermal Hybridized Power
Cycles with an Integrated Ion
Transport Membrane
Solar-thermal power generation systems exhibit relatively low thermal efficiency, high
costs, scaling issues, and require energy storage systems for continuous operation.
Power plants with carbon capture and sequestration, based on oxycombustion, deliver
continuous power with zero net CO 2 emissions into the atmosphere, but incur large
energetic and economic penalties due to the oxygen separation processes, as well as the
CO 2 compression work required for sequestration. In this section, a novel combination
of Ion Transport Membranes (ITM) for air separation and hybridized solar-thermal
oxycombustion power cycles is proposed to mitigate some of the disadvantages of each
system in a synergistic way.
Excess electrical power and thermal energy during off-peak hours is used to sep-
arate additional oxygen with sweep gas and to compress it for storage that can be
used either during peak hours, or when insolation is low, depending on the operating
strategy and the desired scale of the storage system. Another concept included here,
but described in a separate section, is to compress CO 2 to the high pressures required
for long term sequestration only when it is economically advantageous to do so. Both
concepts essentially provide a novel energy buffer by incurring the inevitable penal-
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ties associated with CCS (02 separation, CO 2 compression) at a favorable time, thus
mitigating the deleterious effects of transient thermal energy supply and electrical
demand.
The integration of solar thermal power generation with an ITM has the potential
dual advantage that for a fixed electrical power requirement, it utilizes low tem-
perature thermal energy (from the solar subsystem) rather than degrading valuable
high-exergy fuel, and also reduces the amount of fossil fuel burned, and consequently
the amount of CO 2 to be captured and sequestered. Since high pressure, sequestered
CO 2 represents unrecoverable exergy loss, the efficiency of a CCS power cycle is es-
pecially critical. Inefficiency is doubly penalized in the sense that it leads to an
increased cost of separation and sequestration (both energetic and economic) which
means an increased fuel demand for a fixed power requirement, which leads to more
of the former, and thus more of the latter etc. Thus efficiency improvements may be
more important than in cycles without CCS. This aspect shows up in other power
generation applications, such as the scrubbing of coal combustion flue gases, but the
intense exergetic requirements of CCS amplifies the problem, and emphasizes the
importance of a high efficiency underlying thermodynamic power cycle.
The potential efficiency, cost, and feasibilty gains of combining ITM-CCS power
cycles with solar thermal (compared with their constituents in isolation) remains to
be proven. While metrics such as thermal efficiency or CO 2 avoided may be straight-
forward to calculate, others such as cost or feasibility are significantly harder to
quantify or evaluate due to the immaturity of ITM technology and large-scale CO 2
sequestration. Further, the oxygen storage concept needs thorough analysis, partic-
ularly in dynamic management, as well as the practicality of building the temporary
storage systems. Specifically, if the novel exergy storage is either too expensive or
incurs large thermodynamic penalties, then it does not solve the problem it seeks to
address. Detailed thermodynamic optimization and cost analyses of the underlying
premises, combined with case studies of particular flowsheets must be done before
commercialization. This zero-emissions cycle is potentially both thermodynamically
and economically flexible, and may provide a solution to both greenhouse gas emis-
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sions, and the inherent intermittancy that has plagued large-scale commercial solar
thermal power generation.
Figure A-1: Generalized ITM Solar-Thermal Hybrid Flowsheet: Integrated Elements
Figure A-1 shows a generalized process flow diagram that contains the key ele-
ments and the interactions between them. The ITM-GT integrated system represents
the oxycombustion power cycle, and the bottoming steam cycle converts lower grade
thermal energy into additional electricity using both the exhaust from the ITM cycle
and the solar thermal system. The CO 2 purification and storage system takes low
relatively dilute and low pressure CO 2 from the power cycle and prepares it for long
term sequestration.
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Appendix B
Optimal Carbon Dioxide
Compression Schedule for CCS
Applications
Power plants with carbon capture and sequestration deliver continuous power with
zero net CO 2 emissions into the atmosphere, but incur large energetic and economic
penalties due to gas separation processes, as well as the CO 2 compression work re-
quired for sequestration. Electrical power demand fluctuates for many reasons, and
it is desired that power plants "load follow" in a cost-effective way. Further, elec-
tricity prices vary significantly over a 24 hour period, and renewable energy market
penetration makes this problem even worse. Start-up/shut-down operations are often
costly and time-consuming, especially if a steam cycle is used. Moreover, the ther-
modynamic efficiency usually is considerably lower when the plant is operating at
off-design point conditions. CO 2 must be produced from a power plant at high purity
and pressure, often in excess of 80 bar. In this section, a methodology is proposed to
use the required pressurization as a buffer against transients.
Excess electrical power generated during off-peak hours is used to compress CO 2
to the high pressures required for long term sequestration only when it is economically
advantageous to do so. Specifically, CO 2 generated during peak hours could be stored
in a temporary holding tank at relatively low pressure selected to minimize capital
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and operating costs, and then compressed later during off-peak hours. This concept
essentially provides a novel energy buffer by incurring one of the inevitable penalties
associated with CCS (CO 2 compression) at a favorable time, thus mitigating the
deleterious effects of transient electrical demand.
The size, and storage pressure of the intermediate CO 2 tank are optimization
variables that depend on the required sequestration pressure, as well as the type of
power cycle and electrical demand fluctuation. A relatively large temporary tank
could accommodate CO 2 directly from the cycle at low pressure (more precisely the
operating pressure of the CO 2 separation process), but could be too costly. On the
other hand, a relatively small temporary tank at high pressure (but still much less
than the sequestration pressure), would be more compact and cost less, but would
limit the maximum potential of this concept as a buffer against transient power
demand. Possibly, a beneficial realization of this concept would be a tank large
enough to accommodate short-term variations in the order of 6-12 hours at the lowest
possible extraction pressure from the cycle. Intermediate-sized tanks and storage
pressure represent a trade-off between cost (or perhaps efficiency penalty by using the
temporary storage system itself) and effective transient mitigation. There are still
many open challenges, such as the transient performance of the CO 2 compression and
storage system, that must be resolved with detailed optimization and simulation case
studies.
B.1 Preliminary Supporting Calculations
The following energy buffer and cost savings are rough-order-of-magnitude estimates
to assess the potential of the proposed concept, and do not rigorously account for the
behavior of real electricity prices and transient plant behavior. The calculations are
performed for two fuels natural gas and coal to account for different ratios of CO 2
emissions to power produced. The base plant was assumed to deliver a constant 500
MWe (without compression work) with a 50% first law efficiency for Natural Gas, or
35% for Coal. The CO 2 compression and purification unit (CPU) outlet pressure was
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Figure B-1: Simplified Illustration of CO 2 Storage Management
assumed to be 0.25 bar, while the sequestration pressure was assumed to be 100 bar.
The transient electrical power demand and price was approximated by dividing one 24
hour period into two 12 hour periods representing "off-peak" and "peak" conditions
respectively. The price of electricity was assumed to be 80 Euro/MWh (peak) and
35 Euro/MWh (off-peak) based on data from [3]. The compressor was modeled in
ASPEN Plus as a three stage, inter-cooled system with stage isentropic efficiencies
of 75%, cooling to 310K, and an equal pressure ratio for each stage, for a given
outlet pressure. Rigorous thermodynamic equations of state were used (ASPEN and
REFPROP) to determine the specific compression work requirements and the volume
required for storage over a 12 hour period for various intermediate storage pressures.
The energy buffer represents the compression penalty forgoed during the peak
time period, and sent to the storage tank. For example, the maximum energy buffer
is the compression work required for 12 hours worth of CO 2 from the CPU outlet
pressure to sequestration pressure. The extra earnings represent the money earned by
compressing the stored CO 2 during off-peak instead of peak conditions for one 24 hour
period. The relative energy buffer represents the percentage of a 12 hour period at
the rated power Buffer(MWh) while the relative earnings represent the percentagePower Rating x l2hr'I
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of average electricity value delivered over a 24 hour period Earnings
Power Patingx24hrxAvg COE*
Five intermediate storage pressures were chosen for each fuel (1, 15, 25 and 50
Bar). Higher storage pressures represent smaller energy buffers and gross earnings,
but decrease the size or number of storage tanks required. The largest advertised
storage tank found from a preliminary search was 12 million gallons, or 45500 m3 [4],
and this was used to estimate the number of tanks required. Visually, this cylindrical
tank with an aspect ratio of one would have a diameter/height of 38.7m. The cost of
the tank was not determined due to a variety of uncertainties (relationship between
volume, pressure rating, single versus cascade) and only makes sense if a plant lifetime
is known (depends on CCS site capacity). Clearly, this calculation is necessary in
order to estimate the economical factors.
Table B.1: Potential Energy Buffer, Earnings and Tank Size vs. Intermediate Storage
Pressure
Energy Buffer (% Relative) Earnings (% Relative) Vstorage Ntanks
[MWh] [Euro] [m 3 ]
Case I: Pint = PCPU
Natural Gas 417 (6.95%) 18,800 (2.72%) 6.174x10 6  136
Coal 1190 (19.8%) 53,600 (7.76%) 17.63x10 6  388
Case II: Pint =1 Bar
Natural Gas 334 (5.56%) 15,000 (2.18%) 15.4x 105  34
Coal 952 (15.88%) 43,000 (6.21%) 43.9x 105 97
Case III: Pint =15 Bar
Natural Gas 147 (2.45%) 6,600 (0.96%) 9.6x 104 2.1
Coal 420 (7.01%) 18,900 (2.74%) 27.4x 104 6
Case IV: Pint =25 Bar
Natural Gas 109 (1.81%) 4,900 (0.71%) 5.4x 104 1.2
Coal 311 (5.17%) 14,000 (2.02%) 15.56 x10 4  3.4
Case V: Pint =50 Bar
Natural Gas 55 (0.92%) 2,500 (0.36%) 2.27x 104 0.5
Coal 157 (2.62%) 7,100 (1.03%) 6.48x 104 1.4
The results indicate a trade-off between energy buffer or savings potential and
the cost/size of the storage system. The cost of the intermediate storage system is
unknown, but is not expected to be extremely high over the lifetime of the plant.
Another interesting thing to note is that the concept seems more promising or worth-
while for coal-fired plants due to the higher carbon emissions per unit energy and
lower thermal efficiency. However, the cost of the fuel may also need to be consid-
ered. Additionally, the choice of partitioning the peak vs. off-peak time periods was
arbitrary, and could reasonably be 6 hours peak, 18 hours off-peak instead. This
178
would require half the intermediate storage tank, and may show higher cost savings,
depending on the specifics of the electricity demand curve. Also, it should be noted
that a partition of the existing CCS reservoir could be used instead of constructing
large storage tanks, but this idea needs further investigation. Finally, the results
are quite sensitive to the thermal efficiency, the peak to off peak cost of electricity
difference, and the intermediate storage pressure-substantiating the need for further
rigorous case studies.
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Appendix C
Simulation Error Analysis
The effect of discretizing the governing differential equations is explored by comparing
the results of an ITM simulation for different number of discretization points, Neie.
The base case simulation settings are absolute and relative tolerances of 10-6, and
Neie = 1,000 for counter-current ITMs, Neie = 500 for co-current ITMs. Overall,
or integrated results such as the total pressure drop, or the total oxygen separated
versus Neie, as well as key specific state variable values such as the maximum local
temperature of the membrane are shown below. The error, defined as the difference
between the result of interest and the result obtained with Neie = 1, 000, is displayed
in Table C. 1. A log-log plot of the error in the feed pressure drop is shown in figure
C-1 in order to show the rate of convergence, as well as the CPU time required for
each ITM simulation case.
Similar results to those given above were obtained for the separation-only ITMs.
The integral results such as pressure drop appear to be significantly less sensitive
to the number of discretization points compared to results such as Tma or Jma.x
Additionally, the error is larger for reactive ITMs because of larger variation in state
variables as a function of position (i.e., the temperature profile rise rapidly towards
the reactor outlet). The covergence rate appears to be super-linear, indicating that
the base case settings are satisfactory. Finally, a comparison was made between the
inlet mass flowrates and the outlet mass flowrates. The difference between the two
flowrates was on the same order of magnitude as the absolute tolerance, i.e., 10-6.
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Table C.1: Select Co-Current Reactive ITM Simulation Error Results vs. Neie
Neie APfed Error Tperm,out Error nCH4 ,out Error J0 2,max Error Tmax Error CPU Time
(Pa) (K) (mol/s) (mol/m2/s) (K) (s)
100 4440 2.2 4.6 8.36 x10~ 3  3.17 4
200 1980 0.59 0.4 2.96 x10- 3  0.01 14
300 1155 0.33 0.2 1.41x10- 3  0.156 35
400 743 0.21 0.1 7.85 x10- 4  0.799 73
500 496 0.14 0.07 4.59 x10- 4  0.141 114
600 331 0.09 0.05 2.96 x10- 4  0.268 161
700 212 0.06 0.03 2.05 x10- 4  0.125 219
800 124 0.03 0.02 1.26 x10- 4  0.08 276
900 55 0.01 0.01 5.81 x10~ 5 0.113 364
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Figure C-1: Effect of Nee on CPU Time Requirements and Pressure Drop Calculations
Additionally, adiabatic flame temperatures were compared to conventional energy
balance software, and excellent agreement (e.g. within 0.01 %) was obtained.
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Nomenclature
Latin Letters
Molar heat capacity at constant pressure of
chemical species j
Molar enthalpy of chemical species j
Universal gas constant 8.314
Partial molar entropy of chemical species j
Overall heat transfer coefficient between
streams
Local stream-wise velocity
Standard molar Gibbs free energy of reaction
k
Molar enthalpy of reaction k
Enthalpy stream of oxygen crossing mem-
brane
Mole flowrate of chemical species j
Convective heat transfer between streams
Entropy generated in ITM system
Volume void fraction
Pre-exponential
Cross-sectional area of one channel
Surface area of a discrete element
Effective activation energy
Blowing factor
Oxygen vacancy concentration in membrane
lattice
Oxygen ion tracer diffusion coefficient
Hydraulic Diameter
Knudsen diffusion coefficient
Oxygen vacancy diffusion coefficient
Binary diffusion coefficient of species j
Effective binary diffusion coefficient
Faraday constant
Local friction factor
Overall radiative transfer factor
Geometric view factor
[J x mol- 1 x K- 1]
[J x mol- 1 ]
[J x mol- 1 x K- 1]
[J x mol- 1 x K- 1]
[W x m- 2 x K-1]
[m x s-1 ]
[J x mol-1]
[J x mol- 1 ]
[W]
[mol x s-1]
[W][W x K-1]
[-1
[mol x m- 2 x s-1 x Pa-"]
mn2]
mn2]
[K]
[-]
[mol x m-3]
[iM 2 x s-1]
[ml
m2 x s-1]
m2 x s-]
In2 x s- 1]
[M 2 x S--1]
[C x mol-1]
[-1
[-1
[-]
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Cp,j
sj
Ui
vi
AGOk
AhR,k
Hi,0 2,ext
n:j
Qi
$gen
A
Ac
Ai
B
Bmi
Cv
D*
Dh
Dk
Dv
Dij
Dim
F
f
Fi,i+m
fi,i+m
Gm3 Mass transfer conductance of chemical species
j
h* Electron hole
Jy Flux of oxygen vacancies
JCH4  Methane flux
J0 2  Oxygen flux
k Mixture thermal conductivity
k* Oxygen ion tracer exchange rate constant
kf Forward surface kinetics exchange rate con-
stant
kr Reverse surface kinetics exchange rate con-
stant
Kpk Equilibrium constant for reaction k
Mavg Average molecular mass
mji Mass fraction of chemical species j
n Exponent for flux dependence on partial pres-
sure
Nch,side Total number of channels for a generic stream
(e.g. "feed")
Neh Number of ITM channels
Neie Number of discretization points
NuDh Nusselt number based on the hydraulic diam-
eter
O0 Lattice oxygen
Pi,tot Local total pressure
PO2  Oxygen partial pressure
PeDh Peclet number based on the hydraulic diame-
ter
Pr Prandtl number
Rj" Local rate of production of chemical species j
rpore Average pore radius
sch Monolith channel width
ShDh Sherwood number based on the hydraulic di-
ameter
St
T
th
TM
tpore
Vi,k
Vi
vtot
Xj
y
ReDhi
[mol x m- 2 x s-]
[-]
(mol x m- 2 x s-1]
[mol x m- 2 x S-1]
[mol x m- 2 x s-1 ]
[W x m- 1 x K- 1 ]
[m x s-1]
[m x Pa-0 .5 x s- ]
[mol x m- 2 x s-1]
[-]
[kg x kmol-1]
[-]
[-]
[-]
[-]
[i-]
[-]
.[-]
[Pa]
[Pa]
[-]
[-]
[mol x rn- 3]
[in]
[m]
[-]
Stefan Number
Local bulk temperature
Membrane thickness
Local membrane temperature
Average pore length
Oxygen vacancy
Stoichiometric coefficient of ith species in kth
reaction
Volume of a discrete element i
Total ITM volume
Mole fraction of chemical species j
Transverse membrane coordinate axis
Local Reynolds number based on the hy-
draulic diameter
[-]
[K]
[m]
[K]
[m]
[-]
[-1
m3]
[-]
[-]
[]
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AZEPXX
CCS
CPU
HHEX
HRSG
ITM
LAE
LHEX
MCRI
N/A
Nstg
NR
PR
SQP
TIP
TIT
Greek Letters
Fraction of Fuel Entering MCRI Stage i
Mixture viscosity
Oxygen vacancy chemical potential
Fraction of total ITM volume allotted to the
feed stream
Wilke's mixture rule constant for species j in
species k
Local density
Tortuosity
Extent of the kth reaction
Oxygen ion conductivity
[-1
[kg x m- 1 x s-']
[J x mol- 1]
[-]
[-]
[kg x m-3]
[-]
[mol x s-1]
[S x m- 1]
Superscripts
Property of "feed" or oxygen rich stream
Property of "permeate" or oxygen deficient
stream
Subscripts
e Property in the free stream
i Index of a discrete element
j Index of chemical species
k Index of chemical reaction
m Number of discrete volume elements away
o Property at the surface
[-]
[-]
[-]
[-]
[-]
[-]
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AZEP Cycle with XX% CO 2 Capture
Carbon Capture and Sequestration
Compression and Purification Unit
High Temperature Heat Exchanger
Heat Recovery Steam Generator
Ion Transport Membrane
Low Activation Energy Materials
Low Temperature Heat Exchanger
Multiple Compartment Reactive ITM
Not Applicable
Number of MCRI Stages
Not Reported
Pressure Ratio
Sequential Quadratic Programming
Turbine Inlet Pressure
Turbine Inlet Temperature
[-]
[i-]
[-]
[i-]
[-)
[-)
[-]
[-]
[-]
[-]
[-]
[-]
[-]
[-]
[bar]
[K]
pv
<Ijk
p
'k
av
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